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ALGUNS PROBLEMAS DE CORROSAO DE METAIS(*

Stephan Wolynec (*
Idel Metzger (***)

RESUAO0 - No presente trabalho os autores f azern umn apanhado
sobre ajguns problernas de corrosao de metais que dev-do ao seu
alto grg~u de destrutividade tern sido trazidos para estudo no Insti-
tuto de Pesquisas Tecnol6gicas. A descrigao de cada caso 6 prece
dida de urn resurno te6rico sobre o mecanismo particular da corro
sao que nele atua. Sao descritos os seguintes casos: corrosao por
correntes dispersas ("stray currents") de tubos. de ago enterrados
de nina adutora de agua; corrosao sob tensro ("stress corrosion")
de arames de ago empregados na protens'.) de concreto; corrosao
de contato ("crevice corrosion") de chapas de ago inoxiddvel; cor-
rosao intergranular devida a sensitizagao (precipitagao de caxbone
tos intergranulares) de tubos de ago mnoxidavel.

()Contribuifgao Tdcnica NQ ,apresentada ao XIX Congresso Anual cia Asso-
ciagao Brasileira de Metais; Sao Paulo, S. P. juiiho de 1964.

(*)Mernbro cia ABM; Engenheiro Responsdvel cia Secqao de Ffsico-Qufrnica Me
taldrgica do Instituto de Pesquisas Tecnoldgicas; Sao Paulo, S. P.

(*)Membro cia ABM; Engenheiro Assistente cia Secgao de Ffsico-Qufrnica Meta
ldrgica do Instituto de Pesqulsas Tecroldgicas; Sao Paulo, S. P.
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I INTRODUCAO

Os prejuizos que a corrosao dos metais causa a inddstria, e a co-vnunidade
constituem urna parcela apreciavel da, sua, receita. Ela diminui a eficiencia dos
.equiparnentos, contamina produtos, destrdl estruturas e causa acidentes.

A aplicagao de processos cientificos e tecnoldgicotq pode reduzir do mane'
ra efetiva os efeitos da corrosao. Em varias partes do mundo estuda-se, exausti-
vamente, o fenomewi e desenvolvern-se teonicas e produtos, sempre mais eficienl
tes no sentido, de, minorar a sua ag~ao.

No Brasil puuca atengao tern sido dispensada, aos problernas de corrosao.
0 os qo o"sbeoasno6and niine eet eevlie

to tecnoldgico, do pgfs exige, no en~tanto, que se ihe de a devida importancia.

No decorrer dos illtinmos 20 anos, o Instituto de Pesquisas Tecnot6gicas do
Sao Paulo teve oportunidade de, atravds da. sua Seepao de Metalografia e, no till i -
mo ano,, atravds da. Secqao de Ffsico-Qufmica Metaltirgica, lidar corn tua varie-
dade apreciAvel de problernas de corrosao, o que lIe permitiu acurnular certa. cc~
periencia no assunto. 0 presente trabalho, visa difundir alguns dos probleinas ap..
recidos nesse tempo e que apresentam interesse geral.

Dentre os problemas de corrosao, devemos distinguir os fenomenos, que
sao corriqueiros, da~queles cujas consequencias Inesperadas os fazem assuimir im
portancla excepclonal. Referimo-nos, no primeiro caso, aos probien~as de. corro-
sao de estruturas metdilicas em meios perfeitamente conhecidos e cuja agres!3iv (!~a
de e tarnb~m perfeitainente previsfvel. Neste caso, uma. vez considerados os fato
res econornicos, procura-se utilizar os metais ou m6todos mais apropriados paj'a
resistir a agressividade do mejo. Desse modo, a corrosao, fic~r sob controle, isto
6, a agao destrutiva da corrosao, 6 dirnlnuida ao mgximo, dentro dos limites vidl' "us
e 6 computada no custo de utilizapao, quando, necessArlo.

No segundo caso, os problemas que, surgern nao sao, previstos e resullarn
de condigoes que nao, forarn levadas em. considerapao quando do projeto da- estrutt bA

ra. Em virtude disso,, nen sempre se faz a escoiha apropiada, dos metais ou mt~t.-
dos de protepao contra a agressao do melo, resultando, em gerat, urn colapso

desastroso. 0 desconhecimento de certas caracterlsticas ffafco-qufmicas do -.n
eanao consideragao do cork:.; fatores mecanicos e doe onstrupao etywo posh,

promotores da corrosao, levam a adogao de projetos impr6prios, corn
consequencias posteriores.

De urn modo, geral, os problemas trazidos a apreciagao do Institut dr

Pesquisas, Tecnoldgicas enquadram-se nesse segundo, caso. Trata-se, quase sem



pre, de corro~ioes que, em face de seu desenvolvimento altamente danoso, cau-
sam graves transtornos aus interessados.

Os problemas que passamos a descrever referem-se a corrosao por cor-
rentes dispersas,, corrosao em frestas, corrosao intergranulax de agos inoxida.-
veis e corrosao sob tensao. A descrigao de cada. problema 6 precedida de urn re
surno teorico sobre o mecanrsmo particular de corrosao que nele atua.

II CORROSAO DE METAIS POR CORRENTES DISPERSAS

11.1 Mecaniszno da corrosao

A corrosao por correntes dispersas ("stray-currents corrosion" on "elec
trolysis") ocorre em estruturas metA~licas enterradas on submersas. Ela 6 devl-_
cia a correntes causadas por uma diferengs" de potencial entre a estrataira em ques
tao, e partes de outras instaiagoes ou equipamentos pr6ximos. Essa diferenga de
potencial 6 geralinente causada por umn gerador, de corrente continua ou,, entao,
uma outra estrutura que se encontra num potencial diferente.

Os danos que esse tipo, de corrosao pode causar sao de aprecialvel monta,
uma vez que hl. uma aceleraq-:) e uma iocalizagao preferencial do ataque. A se-
guir, damos alguns exemplos die casoa em que a corrosao por correntes disper-
sas pode ocorrer:

- corrosao de oleodutos ou aquedutos, enterrados prdximos de
estradas de ferro eletrificadas ou linhas de bondes;

- corrosao de cascos de navios em virtude das operagoes de solda,
eldtrica, quando acostados em estaleiros Para construgao ou re-
paros;

- corrosao de estruturas enterradas, quando pr6ximas de outras
protegidas cat6dicamente;

- etc.

O apareclmento de correrftes dispersas num deterndnado meio, eletrolltico
6 devido a uma deficiencia, ou eventualmente ausencia, de isolamento de alguma
porgao de urn circuito que passa por esse meio e cjue encontra-se num potencial
diferente do potencial do meio. Como a condutividade m6dia, ca maioria dos me-



tais 6 muito major do que condutividade mddia dos diferentes eletr6litos, princi-
palinente se cons iderarmos como tais o solo ou a Agua do mar, as estruturas en--
terradas ou submersas atuam como condutores de baixa resistencia e, em conse-
quencia, passam a conduzir a major parta da corrente causada pela diferenga de
potencial rnencionada.

Existem dois mecanfsmos pelos quais as correntes dispersas podem pro-
mover corrosao numa estrutura metAlica (1). No primeiro mecanismo, esquemati
zado na Fig. 1, uma parte da corrente dispersa que passa pela estrutura 6, em
virtude do gradiente de potencial existente, desviada pelo eletr6lito. No segundo
mecanismo, esquematizado na Fig. 2, M~ urna inversao de pap6is, cabendo a es--
trutura metAlica desviar parte da corrente dispersa que circula pelo eletr6lito-
Tanto o primeiro corno o segundo mecanismos dao, origem as c~lulas de corrosao,,
responsa.veis pela entrada, na regiao an6dica, de cations metalicos em soiug~ao no
eletr6lito. Essas c~lulas de corrosao dao origem as chamadas "correntes de cc r--
rosao" que podem ser encaradas como fluxos de cargas positivas. Esses flu~xos-.
nao sao necessdriamente acomparbados de movimento de cations, mas antes p(.la
transferencia de --- 'a ... I- ^fn-a outro. 0 sentido de uma corrente de coirro
sao coincide corn o sentido convencional de uma corrente eletrica, ou seja~, e' CO!l
itdrio ao sentido, do fluxo das cargas negativas.

Em cada um dos mecanismos, tanto a regiao an6dica como reglao cat6diý-
ca, saQ sujeitas a polarizagao devido a corrente que flui pelo circuito de co"-oz--O
Esta polarizapao 6 uma fuqpao da corrente do circuito. Assim, sendo V e V
potenciais do catodo e do anodo, respectivamente, em circuito aberto; os col-res-
poxnientes potenciais Vc e Va em circ'iito fechado serao (2):

VC = Vo-fc (i) (1)

Va = Vo+ f(i) (2)

onde

f c i) =fungao de polarizagao do catodo,
fa(i) = :unao de polarizarpao, do anodo e
i = corrente de corrosao

Tendo em vista a segunda. lei de Kirchhoff, pode-se escrever:

Vc - a=Ri (3)

onde

R =res~stencia total do circuito de corrosao.



Substituindo (1) e (2) em (3), resulta:

(Vo- - VO) - f (I) + fa(i) = Ri

Como V'c - V-= Vd =diferenga de potencial, induzida por correntes disperK
sas e fazendo-se fc(i) + f&l)= f(i), resulta:

_Vd f(i)

11.2 Meios de prevencao

Tendo em. vista que a intensidade da corrosao, 6 uma fungao dlieta, de cor-
rente i, todo processo que vise diminuf-la deve reduzir o valor de i sern au nentar
a densidade da corrente an~ddca. Deste modo, considerando-se a relapao (4), a
corrosao porcorrentes dispersas pode ser debelada por (1):

a - diminui~ao ou aliminapao de Vd;

b - aumento de f (i);

c - aumento de R.

a Diminulcao ou eliminapao de Vd:

Esta diminuigao ou eliminagao pode ser conseguida de dois modoo:

1 Q por eliminapao das correntes dispersas, isolando-se conveniente-
mente todo o circuito responsavel pelo seu aparecimento no eletr6
lito;

2Q Levando a estrutura a urn potencial mals negativo, ou seja, tornan
do-a cat6dica corn relagao ao eletr6lito. Conseguese isto per v~rios
processos, entre as quais, a protegao cat6dica e a ligag.ao da estru
tura ao poio iipgativo da fonte geradora das correntes Iispersas
constituitudo as meios mais prlticu0.;



Aurnento de kiL):

o aurnento da polarizagao f(i) se conisegue revestindo as regioes ca
t6dicas da estrutura corn carnadas protetoras apropriadas (em geral, asfal
to betuminoso). Corn isto promove-se, em virtude dos furos no revestimen
to, urn aurnento na densidade de corrente cat6dica e, em consequencia., da
polarizapao. Este processo, em geral, 6 de difrcil aplicapao pois a locali-
zagao das Areas cat5ddlcas nao 6 sirnples.

c Aurnento, de RI:

o aurnento da resistencla. do circuito pode ser conseguido aumentan
do-se a resistencia. do eketz61ito que circunda, a estrutura. No caso de es-
truturas enterradas no solo consegue-se isto substituindo o solo, que Cir-
cunda a estrutura, por am material de~ elevada. resistividade el~trica. corno,
par exemplo, arela limpa. Urn outro processo de aurnentar R consistiria
em se aurnentar a resistencia. da estrutura, inserindo, juntas isolantes entre
v'drias porpoes da. mesma. No entanto, este processo pode, as vezes, criar
problemas de coi -)Sao par correntes dispersas nas partes internas de es-
truturas que contem eletr6litos.

A adogao, de urn ou outro processo de eliminapao ou diininuigao de corro-
Sao por correntes dispersas 6 determinada. por fatores oconomicos peculiares a
cada. caso.

11.3 Corrosao de tubos de uma linha adutora de agga

a) Generalidades

o caso que passamos a descrever constitui urn exemplo tfpico da
corrosao de metals por correntes dispersas. Trata-se da corrosao ocor-
rida corn os tubos de ago da linha adutora, de agua de urn runlcfpio do
Estado de Sao Pau).o (3).

A linha adutora estende-se por cerca de 14 kmn, entre o reservat6
rio e a caixa d'6gua da cidade. Ela 6 constituida. por tubos de a4, de 500
mm de diarnetro, ligados por solda, e apresenta. dois trechos distintos,
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0 primeiro trecho, que se estende desde, a reservatdrio atd, aproximada-
mente,, metade do percurso da adutora, 6 a mais antigo e 6 constituida, por
tubos soldados lateralmente. 0 segundo, trecho, que carresponde ao res-
tante da, adutora,, 6 o mais recente e 6 constituido par tubos soldadas em
h6lice.

Toda a linha adutora 6 subterranea, corn exceqao das regioes em
que ela atravessa lagoas au riachos e de, em que ela passa sobre uma es-
trada. de, ferro. Nessas regioes ela 6 adrea.

Os tubas da, adutora sao todos revestidos externamente par uma ca
mada, de, "Primer"t e urna outra de, asfalto, sendo, que, nos tabos do trecho
mais nova, esse asfalto apresenta-se misturado corn la de vidro. A espes
sura do revestimento, no trecho mais veiho, varia entre 2,5 e 3, 0 mm e
no mais nova, entre 3,5 e 4, 0 mm.

Em dois pantos de seu percurso a linha adutora cruza corn a estra
da de ferro. Urn deeses pontos JA foi mencionado anteriormente e a outro
situa-se nurna regiao na qual a adutora passa par baixo dos trilhos.

A disposigao da, estrada, de ferro, corn relagao a linha adutora, 6
mostrada na Fig. 3. Observa-se que ela se rnatdm razoavelmente parale-
la a linha adutora nurn percurso, de, aproxlmadamente, 2 km, variando a
distancia entre ambos de 125 a 325 mn.

A estrada, de ferro 6 de urna dnica via e emprega sistema de tra-
Vao eldtrico par corrente contfnua. A ten~sao na linha 6 de 600 volts e as
trilhas estao ligadas ao terminal negativo dos geradores. No trecho indi-
cado, na, Fig. 3, a estrada de ferro 6 alimentada par dois geradores. Urn
desses geradores (Geradar 1) esta instalado perto da, cidade e a sna agao
esteide-se para al6rn do cruzamento, camn a linha adutora.

0 trecho restante da, linha 6 alimentado, par urn outro, geradar (G~e
radar 2) instalado, no outro extrerno do estrada, de ferro.

b) Observacao, da corrosao,

A corrosao dos tubas da adutora fai notada, ao longo de todo a seu
percurso. No entanto, rnanifestou-se de modo mais grave em duas regioes,
cada. urna pr6xima, de urna lagoa e nao muito afastada da estrada. de ferro.
A primeira dessas regioes localiza-se no trecho mais antiga, da. adutara,
pr6xirna ao seu cruzamento, corn a estrada de, ferro na qual a adutora passa
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sob os trilhos. Umn esquema do perfil dessa regiao estit indicado na. Fig. 4.
A stqrunda regiao, consideravelmente, atacada, encozitra-se no trecho novo

till da adutora e corresponde a porgao que mais se aproxima ia. estrada, de fe-
rro, antes do ponto em que as duas se separam (ver reglao assinalade. na
Fig. 3).

Em ambas as regioes a corrosao promovea nos tabos mais de 100
furos, resultando, em consequencia, fortes vazamentos. Este fato Provo-
cou unia forte erosao no terreno, expondo uma boa parte cia tubulagao e
chegando, em certos; lugares, a criar problenias de estabilidade mec~.ni-
ca. A Fig. 5 mostra o alcance cia erosao provocada pelos vazamentos num
trecho pr6ximno do cruzamento coni a estrada. de ferro. Como soliAgao pr~o
vis6ria, os furos resultantes da corrosao foram tapados corn pinos de ma
deira, corno pode ser observado, na Fig. 6.

Em multos dos pontos, onde as tubula9ges foram expostas, obser
you-se ausencia, do revestimento externo. Isto foi motivado, provdvelmen
te, pelos danos causados por correntes, talhas ou outros instrumentos
empregados durante a sua colocagao, ou entao, pela agao do solo e das
rafzes. Aldm disso, a remogao de alguns pedagos do revestimento do tu-
be revelou tratar-se de umn produto bastante quebradigo e, em certos Pon
tos, esponjoso.

A corrosao, no entanto, manifesteu-se de preferencia em pontos
aparentemente revestidos. 0 infcio cia corrosao deu-se sob o revestiinen
to e a sua continuagao era caracterizada pela formagao de uma protube-
rancla do tipo observado na Fig. 7; a quebra do revestirnento cia protube
rancia revelou urn material amarelado que era o produto cia corrosao do
tubo e tanibdm do proprio revestimento. A remogao deste produto mos-
trou-se que a corrosao do tubo de ago 6 do tipo, alveolar (pitting corrosion)
conforme pode ser observado na Fig. 8 e na Fig. 9; a Fig. 8 apresenta, a
mesma regiao, da Fig.?7, por~m, ap6s a remogao de urna das protuberan-
cias e do respectivo produto de corrosao. 0 desenvolvimento cia corrosao
dos tubos estA. esquematizado, na Fig. 10.

A disposigao dos furos na lubulagao era, em geral, ao acaso, po-
r~m observou-se uma certa predominancia deles na parte inferior e late-
ral. As regioes soldades, de modo geral, nao foram atacadas a nao, ser

em alguns pontos.
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C) Ensaios rep~lizados

A fim de verificar-se a agressividade do solo, foi retirada urna
amostra do mesmo nas regioes fortemente corroldas e executou-se a de-
terminaq-:ý do potencial de oxidagao-rer'. -ao. Essa deterrninagao foi feita
corn refe., 'ncia ao eletrodo de calomelano e apresentou como resultado o
valor de 0, 268 volt.s. Starkey e Wight (4) determlnararn uma correlagao
entre o potenc4a1 de oxidagao-redugao de urn solo e a correspondente seve
ridade de corrosao, estabelecendo o seguinte criterk):

Faixa do potencial de oxidagao- Graa de corrosividade
reducao do solo __________

Abaixo de 100 my Severo
100 a 200 my Moderado
200 a 400 my Leve
Aclxna de 400 my Nao corrosivo

Desse modo, o valor encontrado classifica o solo da regiao como
sendo, levernente corrosivo.

Para verificar o comportamento eletrolftico dos tubos enterrados,
determinou-se, em v-1rios pontos da linha adutora no trecho pr6ximo do
cruzarnento corn a estrada de ferro, a diferenga de potencial entre o tubo
e o solo. Essas determinagoes foramn feitas corn auxflio de urna meia cdlu
la de (coibre-.sulfato, de cobre) e de urn voltfmnetro, conforms esquei-na re-
presentado na Fig. 11. Os resultados obtidos estao na Tabela I e correspon
dern aos pontos indicados na Fig. 4.

TABELA I

Ponto de Potencial tubo-solo (volts)
ensaio Meia c~lula sobre o tubo Meia c~lula a 7 rn do tubo

1 - 0,483
2 - 0,775 - 0,580
3 - 0,685 Varilvel corn o tempo en-

tre -0,5 e + 2,5
4 Varilvel corn o tempo en-

tre -0.5 e +3.5



Os resultados nao-varigveis da Tabela I foram obtidos quando o
trem nao se aehava na linha ou entao estava afastado para o lado da cida
de. JI os resultados varidveis corn o tempo foram determinados quando 0
trem percorria. 05 trechos prdxlmos da linha adutora.

A meia c~luia, empregada no ensaio fol montada no Instituto de Pes
qiiisas Tecnol6gicas e...estAi indicada, na Fig. 12. A Fig. 13 mostra os seus
detalhes construtivos.

A variaqao corn o tempo do potencial tabo-solo provou a existencia
de correntes dispersas na. regiao testada (5). Por outro lado do potencial
tubo-solo se tornar menos negativo quando a determinapao se fez corn a
c~lala afastada do tubo, provoa que essa regiao era anddica (6).

di) Causas cia corrosao

Em face das observagoes e dos ensaios realizados concluiu-se que
os principals causadores cia corrosao dos tubos cia adutora, nas duas re-
gioes mais fortemente atingidas, foram as correntes dispersas., Estas ecr
rentes foram devidas aos geradores cia estrada do ferro, pois uma parte da
corrente que passava pelog trilbos, era desviada pe.', solo. Como a conduti.
vidade da maioria dos metais 6 cerca de urn billhao de vezes maior do que a
condutividade m~dia dos solos (7), os tubos de a~v enterrados atuaram como
comdutores de baixa resistencia e conduziram a maior parte desviada, da
corrente dos trilhos. Nestas condipoes criaram-se regioes cat6dicas e an6
dicas ao longo de linha adutora. A, Fig. 14 ilustra esquematicamente o fe-
ri6meno.

As correntes dispersas nao podem ser consideradas como as tinicas
re-spons~veis pela corrosao, no entanto, elas aceleraram-na consideravel-
mente, principaknente no que se refera a formapac de furos., De fato- comno
se rnenciollol antes, ox ftiros ocorriarn de prefereacia em rewioes anatreInte
rnentc revo~ticdas poku astalto. Isso fo1i dvido, as reabg~ade *a .."Stem'a dt-
pequenas trincaki no asfalto quo so encarregarazn do wiocar a af'o dotb
em contatoD corn o eletr6lito do solo, Essas 5 trincas fua-it.,Avawa~ vuis.,
coro verdadeiros coaidtoreB elittricos, e romo a corre-to qui. paswoi re-~

Snasr 3goes lo uemu.' p:'o tas orne dses a deserb a dj~r~ la--xrq
te nas rnpoi eume] .i:-. pelas correntes tdispersaso a der baidAd't- -a .iwwa

daem,trirtude d.a euzir& es ooa rrsvotwm 1-al
zada, e r~p.43a.

Apesar do ensalo realizado corn uma Emostra. de solo ter revelado



tratar-se de urn solo apenas ligeiramente corrosivol, a sua aipao, aliada
corn a dos dernais fatores, foi de consider~vel monta. Deve-se, princi-
palmente, levar em conta que as regioes mais atingidas pela corrosao lo
calizam-se prdxima de lagoas, e que 6 justific~vel, pois nestes local.,. a
resistividade do solo 0 dirninuida pela urnidade resultante dessa proxixni-
dade. Essa baixa resistividade facilltou a clrculagao de correntes disper
sas pelo solo e, em consequencla, aurnentou a sua agressividade.

Cumpre notar que o ensaio realizado corn o solo tern significagao
restrita, urna vez que nao computa a influencia da umidade e da aeragao.

o revestimento, asfAltico dos tubos cia linha adutora, comtornie foi
possfvel observar nos trechos descobertos pela erosao, perdeu a sua con
tinuidade, isto 0, tornou-se trincado e deformado. Essa perda de conti-
nuidade foi mais acentuada no trecho mais veiho da linha adutora e foi de
vida, prinncipalmente, a ausencia de la de vidro, que normalmente costu-
ma-se adiclonar ao asfalto, antes de sua aplicagao sobre os tubos, a firn
de aurnentar a sua resistencia as distorg~oes e a formagao de trincas.
Aldrn disso, a caniada de asfalto nesse trecho nao fol suiiclentemente es
pessa, o que dintinuiu a sua resistencia a absorgao de Agua (8). A dguaa
absorvida pelo revestimento tornou-o esponjoso e quebradigo, e fez corn
que ele perdesse as suas qualidades protetoras, favorecendo na realidade
ainda mais o aparecimento da corrosao alveolar.

e) Medidas sugeridas Rara elirninar a corrosao

Tendo em vista as causas que promoveram, a corrosao dos tubos
da linha adutora, sugeriou-se uzna das seguintes medidas para elirninar
ou, eventualmente, diminuir a corrosao por correntes dispersas:

1. S ibstituir o solo que circunda os tubos por um- material de
e~evada resistividade el~trica corno, por exemplo, areia

limpa.

2. Inserir juntas isolantes entre v~rias porpoes cia linha adu-
tora. Este processo apenas reduziria a corrosao por cor-

rentes dispersas, por~m, nao a elirninarla.

3. Aplicar protegao cat6dica. Neste caso poder-se-la promo
ver protegao total cia linha desde que se criasse, nos tubo-s,

urn potencial mais negativo do que -0, 85 volts em relagao a me:',
c~lula de (cobre)-(sulfato de cobre)(1). 1550 pode ser conseguie



atrav~s de anodos de sacriffcio, ou, entao, de geradores de corren
te contfnua, cuja instalagao e dirnensionamento exigirarn urn levan
tamento completo da resistividade do solo e do potencial tuba-solo
ao longo de tada, a linha adutora.

4. Ligar as tubas da linha adutora aos trilhos da estrada de
ferro. Este rn~todo que de todos 6 a mais acessfvel, consis

te na ligagao dos tubos da linha adutora aos trilhos da estrada de
ferro, ou entao, se possfvel, ao polo negativo do Gerador, par
mejo, de urn condutor bern isolado, e atrav6s de, umn transformador-
retificador, conforme esquema, indicado na Fig. 15. 0 sisterna deve
ser dimensionada para supartar correntes de atd 100 amperes (9).
Os pontos sugeridos para a ligagao entre a linha adutora e a estrada
de ferro estao indicados na Fig. 3 e sao os mais convenientes, pois
correspondem aos trechos mais an6dicos da linhia.

III CORROSAO EM FRESTAS

111. 1 Mecanismo da corrasao

A corrasao em frestas ("crevice corrosion") caracteriza-se por urn ata-
que altamente localizado e ocorre nas frestas que resliltarn do contato de duas pe
gas de materiais diferentes ou de mesmo material. Este tipo de corrosao somen
te, ocorre em presenga de urn eletrdlito que consegue penetrar nas frestas. Como
nessas frestas a aeragao 6 pequena, resulta, em consequencia, uma diferente
c-oncentragao de, oxigania no eletr6lito que se encantra dentro, das fres Las e no ele
tr6lito, que se encontra em contato corn o material na parte externa. A Fig. 16 es-
quernatiza esse fenomena.

A diferenga de conceentragao em axigenio desenvolve, na superffcie da
maiaria dos metais e suas ligas, A.reas cat6dicas e an6dicas correspondentes,
respectivamente, as regioes de alta e baixa concentragao em oxigenia. Criam-se,
assirn, as charnadas "cedlulas de concentiagao de oxigenia"l (10) quxe prornovem
uma carrasao acentuada de urn metal que esteja em contato, corn a fresta.

A carrosao em frestas ocorre corn uma sdrie de metais e ligas em uma.
grande variedade de meias corrasivas. No entanto, as metais e ligas que apre-
sentam tendencia a passivagao, au seja, formagao de uma pelfcula fina e aderen
te de 6xido na superffcie, sao particularmente sensfveis a esse tipo de ataque.
E a casa, par exemplo, do alumfnio, chumba e ago inoxidgvel, entre outros. Nes
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tes metais, o empobrecirnento de oxigenio destr6i o seu "film" protetor, tornando-
os qulrnican'ente mals ativos. Assirn, qttando este, empobrecirnento 6 confinado ape
nas a uma porgao da sua superf~cie, results urna diferenga de potencial entre a
porgao que se tornou ativa, e o restante cia auperffcie, que continua passiva, dando
origem a chamada "1c6lula ativa-passiva"l. (11). A agao dessa c~lula sirnultanea-
mente corn a de ccacentragao de oxigenio reforga a intensidade de corrosao.

A corrosao em frestas nom sempre ocorre na regiao de contato. M~ casos
em que ela se dA na regiao imediatarnente pr6xirna ao contato dos materiais, po-
r~m fora. das frestas. 9 o que costuina ocorrer, as vezes, corn o cobre e as ligas
de alto cobre (11). Neste caso, ocorre uma actlmulagao de ions de cobre dentro, da
fresta e resulta uma c~1ula de concentragao de cobre, cuja agao 6 contrAria a de
uma c~lula de concentrapao de ox,-igenio. Esta c~lula estA esquemativtda na Fig.17.
Quando a concentragao dos ions de cobre atinge urn deterrninado nvtv;., ela se tor
na mais ativa do que a de concentragao de oxigenio e promove a corrosao na re-
giao citada.

111. 2 Fatores dos quais depende a corrosao em frestas

A corrosao em frestas, de u.-n metal ou liga, depende de uma s~rie de fa
tores, entre os quais podern ser citados o.- seguintes:

a natureza do material em contato;
b nature-za do eletr6lito;
c pH do eletr6lito;
d espessura da fresta;
e tensao superficial do eletr6lito;
f vulnerabilidade do metal cuL liga em perder a

pass ividade;
g extensao da Area externa as fre-stas.

a Natureza do material emn contato

Certos materiais quando em contato corn urn mnetal ou liga tr.- '-re-
cem mais a sua corrosao do que outros. Assirn, sao particularmewu pro
pfcios a corrosao em frestas os seguintes niateriais (11): niadeira, pu~sti
cos, vidro, tecidos, borracha, porcelana, mica, cera, asbestos. orgams
mos marinhos, etc. Materiais que contem enxofre sao, de urn modo geral
mais danosos do que aqueles que nao o cont~m. Por exemplo, una, bori
cha que contdrn en~xofre causa maior corrosao em frestas do que uma livre
de enxofre. Trata-se jie uma agao suplementar a das c~lulas pelo enrique-



climento do eletrdlito em compostos de enxofre.

b Natureza do eletrdlito

Os tipos de eletr~litos que prrmovem a corrosao em fr.ýstas sao, as
solugoes de sale e de ce~rtos deidos redutores. (11) Entre as s01upoes de
sais merece destaque a de cloreto de s6dio, nao, tanto pela sua. agressivida
de, coma pelo fato de ser uma das male comuns causadoras desse tipo de-
corrosao. De urn modo, geral, soluqoes que apresentam ions halogenios:sao
apropriadas ao desenvolvimento da corrosao em frestas (15). Em certos
casos, pecullares esta corrosao pode ocorrer tamb6m em presenga de solu
goes de Acidos oxidantes, como por exemplo, Acido nft-rico. Contudo, o
mecanismo de perda de passividade do metal 6, neste caso, distinto.

C PH do eletr6lito

A influencia do pH- do eletr6lito sobre a corrosao em frestas depea
de da. natureza do metal ou liga. De umn modo geral, metals e ligas farro-
sas sao mais susceptfveis a corrosao em frestas quanclo o eletrdlito 6 neu
tro ou Acido (11). Alumfhio e suas ligas sao menos suseeptfveis a essa
corrceao apenas em meio neutro.

d Espessura da fresta

A espessura de uma fresta forma-da pelo metal e o material em con
tato varia de uma caso a outro, dependendo do estado do acabamento da su-
perffcie de cada urn deles e do aperto a que ficam. sujeitos. Em geral ela 6
da. ordem de cent6simos de milfmetro ou menros (11). Nao 6 posfziVel estabile
cer de urn modo, completo qual a espessura mals favor~.vel para a corrosao
em frestas, uma. vez que ela depende de todos os demais fatoree. No entaxi
to, uma vez fixados esses fatores, existir.1 uma espessura dtirna para o die
senvolvimento da. corrosao em frestas, na qaal 6 possfvel o acesso do el~--I tr6llto a fresta. Concogmltanternonte, essa- eispessura 6tirna val per-mitir
uma grande dlferenga do coneentragao de., oxigenio.



e Tensao superficial do eletrdlito

A influencia da tensao superficial do eletr6lito, sobre a corrosao
em fresias, esta intimamente ligada a espessura das frestas, pois 6 ela
quem estabelece a "'molhabilidade"l das fresias pelo eletr6lito, e por con
seguinte, determina as regioes que serao atacadas.

f Vuhierabilidade do metal ou liga em Perder a Passividade

Trata-se da major ou menor facilidade com que urn metal oti liga
da origem, a uma "1c~lula ativa-passiva"l, uma vez que a destruigao do fil-
me protetor, devido ao empobrecimento en oxigenio, nao, se dd. corn a mes
ma facilidade em todos eles. Assim, por exemplo, o ago inoxidlvel AISI
304, 6 mais vulnerlvel a perda de passivagao do que o ago inoxidAvel AISI
316, pois neste dlt-lmo, o molibdenjo prcomove a formagao de umn "film"
protetor mais estlvel dc wte no primeiro. Por esse motivo o ago AISI 316
resiste meihor a corrosao em frestas estl dir*etamente ligada. a extensao
da Area do metal que est.4 livremente exposta, isto 6, que nao estA em con
tato corn oz outro material. Qaando esta Are3. tende a zero, a corrosao den-
tro das frestas tamb6m tende a zero (12'.

111.3 Corrosao em frestas de chapas de aco inoxida-vel

a) Generalidades

Como ja se mencionou anteriormonte, os apos u~oxidaveis apresen
tam-se particularmente sensirveis a corrosao em frestas em virtude da
sua vulnerabilidade em perder a passividlade quando ocorre. uma diferenga
de co1ncentrapao em oxigenio. 0 caso que passamos a descrever ilustra-
bern o fenomeno. Trata-se da corrosao em frestas de placas de ago inoxi
davel empregadas numa mAquina de pasteurizagao de leite (13).

As placas em questao foram fabricadas a partir de chapas de ago
inoxidavel AISI 316 e apresentam. o aspecto indicado no Fig. 18. Na mslqui
na de pasteurizagao de leite, as placas sao mantidas em posigao vertical,
cada uma ;pertada contra a outra atravds de vedaeoes de borracha. Con-
forme pode ser observado na Fig. 18, essas vedapoes ficam coladas as pla



XVI-16

-~ cas dentro de canaletas pe-rif6ricas apropriadas. Cada piaca apresenta uma
das faces em contato corn a sairnoura, de pH entre 8 e 9 e a temperatura
abaixo de 09 C. A salmoura, 6 alimentada atravds de urn dos furos existen-
tes nos cantos das placas. A outra face 6 mantida ern contato corn o leite,
alimentado por urn outro furo. A safda, tanto da salmoura coino do leite,
se dA pelos furos existentes no outro, extrerno da placa.

ApA-s urn certo perfodo de uso, aigurnas placas foramn, em virtude
Ja sua corrosao, substituidas por novas, de fabricagao mais recente. Coll
tudo, constatou-se que essas pLacas novas nao estavarn apresentando a mes
ma resistencia a corrosao que as antigas. -Na Fig. 18, a plaga antiga e a pla
ca B uma nova.

A limpeza das placas, antes cia colocagao, das novais, era feita se-
manairnente. Por6m, corno as placas novas corneparam a apresentar
major corrosao, do que as autigas a limpeza, passou a ser realizadt diaria
mente.

b) Observapao cia corrosao

A corrosao, foi observada apenas dentro das canaletas que estavam
ern contato corn as borrachas de vedagao e no lado, que estava. banhado pe-
la salmoura. 0 tipo de ataque foi alveolar ("pitting corrosion"), conforme
pode ser observado na Fig. 19. N Fig. 20 mostra, urna secgao diamnetral de
urn desses alvdolos.

C) Ensaios realizados

A firn de identificar os rnateriais empregados na fabnicagao das
placas foramn executados o exarne rnetallogrd.fico e a anglise qufrnica. 0
exarne nietalog~rafico confirrnou que tanto, o ago cia P! x -i A corno cia Piaca
B apresentavarn estrutura austenftiea A analise qu,.x .a delL os seguintes
resultd, los:



Placa A Placa B

o 0,10 % 0,10 %
Si 0,61 % 0,52 %
Mn 1,40 % 0,51 %
p 0,037% 0,031%
S trapos trappoi
Cr 1 7,4 % 1,8,3 %
Ni 8,11 % 6,18 %
Mo 2,10 % 2,10 %

A composipao nominal de urn appo inoxid~vel AISI 316 6 a seguinte:

C, max 0,08%
Mn, max 2,00%
Si, max 1,00%
Cr 16, 00 a18,00%
Ni 10, 00 a14,00%
Mo 2, 00 a3,00%

Verifica-se pois qac- os appos das duas placas nao atenderam as es
pecificagoes acina, no que corncerne ao carbono e nfquel, principalmente
este ditimo, que na Placa B apresentou umn valor bastante baixo.

d) Tipq e causas da corrosao,

Pelo fato da corrosao observada ter sido, alveolar e tendo, em vista
qae a mosma se maxnifesto.u em presenpa de urn eletr6llto (salmoura) na re
giao de contato entre o ago e a borracha de vedapao, conclui-se que trata-
se de urn caso de corrosao ein frestas.

A explicagao para a mcnor resistencia a corrosao em frestas da
Placa B, quando comparada corn a da Placa A, reside provavelmente no
seu menor teor en nfquel. 19 sabido que a resistencia dos agos inoxidlveL,
a corrosao normal, ivor solugoes neutras de cloretos, 6 uma funpao diret.,
do seu teor em nfquel (I-!) conforme estl ilustrado na Fig. 21. Esta, resis-
tencia pode ser extendida a corrosao em frestas, pois acreditamos que a
oposipao a perda de passivagao vanie no mesmo sentido.

Urn fate que de. 3 ser levado em considerapao, e que, provavelmen
te, acelerou a corrosao em frestas 6 o da medida que se ;adotou de execu
tar-se a lirnpeza diariamente. Enquanto as pl., :as ficavam apertadas uma
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contra a outra, a salmoura tinba pequeno acesso as frestas. Pordm,, quall
do se desapertava as piaca8, as frestas se abriarn e a salxnoura adquiria
maior facilidade de, acesso e, como as vedagoes sao coladas as placas,
nao se consegueria ellriniM-la completamente durante a limpeza. Desse
modo, o aumento das operagoes de desmontagem da, sistema de placas ati
mentou o tempo de, permanenc'ia, das regioes cobertas pela borracha, em
contato, corn a salmoura, resalk~ando, em consequenclia, uma major corro
sao.

e) Medidas sugeridas Para debelar a corrosao

A fim de debelar a corrosao em frestas das placas, sugeriram-se
as seguintes medidas:

1. Selagem corn petrolatos. A aplicagao de petrolatos (vaseli-
nas) entre a placa e a vedacao de borracha permite manter

afastado, o eletr6lito da, regiao suseeptfvel a corrosao. Poderse-ia
empregar outros produtos porem os petrolatos sao 08 mais eficien
tea (11).

2. Protegao cat6dica (1ý.). Consistiria em se dispor alguns
anodos de sacriffcio, como por exemplo, de magndsio ou de,

zinco, ao longo do eixo dos furos de alimentagao e safda da, salxnou
ra. Eases anodos devem ficar convenijenternente isolados das pla-
cas na parte banhada pela salmoura, seiudo que a ligagao anodo-pLa
ca deve ser feita externamente (16).

3. Emprego de mnibidores. Alguns compostos adicianados ao
eletrdlito parecem inibir a corrosao em frestas sendo, no

entanto, discutfvel o seu mdrito. Entre eles destacam-se: soda
clnstica, carbonato de sddio, sulfate de sdd:io, sulfato de, manganes,

bicarbonate de potAssio e nitrate de, potasslo (17).

IV CORROSAO INTERGRANULAR DE ACOS INOXIDAVEIS AUSTENfTICOS

IV. 1 Introdu~pao

C'ertos agos inoxidAveis austenfticos ficam, sob certas condigoes, suscep
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trveis a forte corrosao intergranular, mesmo quando o meio 6 relativamente pou-
co agressivo. Esse comportarnento anormal ocorre quando os apos, apds terem
sido solubilizados sao aquecidos, durante urn certo tempo, dentro, de uma determi
nada faixa de temperatura.

A susceptibilidade a corrosao intergranular pode ocorrer sob diferentes
circunstancias. Assim., por exemplo, durante urna operagao de solda de urn ago
austenftico inoxid~vel podem surgir Areas que, durante a operagao e o resfriamen
to, permanecern tempo suficiente dentro, da faixa crftica de temperaturas, para
promover a suaa modificagao de comportamento ante a corrosav. Do mesmo modo,
pegas desses agos, empregadas em operapoes sujeitas a temperaturas que caem
dentro cia faixa crftlca, sofrem o mesmo fenomeno.

Essa mudanga de comportamento, de urn ago inoxidAvel austenftico, ante a
corrosao, 6 devida a precipitagao de certos constituintes nos contornos dos graos
e que ocorre quando o metal 6 aquecido de modo mencionado. Trata-se cia chama-
ia. sensitizacao (18).

Os constituintes que precipitam nos contornos dos graos sao carbonatos
complexos de cromo, e ferro. A corrosao intergranular nao, se ciA, no entanto, ao
longo desses constituintes, e sin ao longo das regioes compreendidas entre o cor
po dos graos e os constituintes precipitados.

VWrias teorias foram propostas para explijar o mecanismo cia corrosao in
tergranular dos apos inoxid~veis austenfticos. A ma-. difuncikla 6 a que admite que
a diminuigao cia resistencia a corrosao 6 devida ao empobrecimento em cromo das
dreas pr6xin-as dos contornos dos graos. Ests empobrecimento 6 causado pela pr~e
cipitapao dos carbonetos que removern quantidades aprecidveis de cromo dessas
regioes, uma vez que se constatou que a relagao cromo/carbono nos carbonetos 6,
aproxirnadaments, igual a 9. A Fig. 22 esquematiza a variagao do teor de cromo
ao longo dos graos e seus contornos. Segundo a teoria em questao, as Areas empo
brecidas em cromo perderiarn a sua tendencia a liassivagao e, em consequencia,
ficariam susceptlveis a corrosao. Essa teoria, no entanto, nao se aplica aos agos
austenfticos de elevado cromo e nfquel (por exemplo, 25% Cr e 20% Ni), pois o
empobrecimento das Areas vizinhas aos carbonetos nao 6 suficiente para faze-las
perder a sua passivagao. Por outro lado, ela tamb6n nao considera. a influencia
do nfquel que, como se verifica praticamente, aumenta a tendencia a corrosao in
tergranular (18).

Uma outra teoria aceita a mecanismo do empobrecimento, po -dm nao con
sidera a perda de passivagao como, a respons~vel pela corrosao, e aim a diferen-
ga de potencial qae resulta cia variagao cia concentragao do cromo ao longo do grao. (19)
Segundo esta teoria, corno o potencial eletroqurmico de uma solugao s6lida de cro
mo em ferro varia diretamente corn o teor de cromo, o ndcleo de urn grao ficaria
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num potencial maiB elevado do que a Area empobrecida pr6xima do contorno do
grao. Al~m dioso, o pr6prio carboneto do contorno do grao, tanibem apresentar-
se-ia potencial eletroqufmico mais elevado do que o dessa area. Como conse-
quencia, a Area empobrecida em cromo ficaria an6dica em relapao, aos dem--s
constituintes e portanto, quando, em presenga de urn agente corrosivo, seria a
primeira, a sofrer ataque qufmico.

Outras teorias foram propostas para explicar o fenomeno (20). Contudo,
ater-nos-ernos as acima citadas, pois urn alongamento neste assunto fugiria aos
propdsitos do p~resente trabaiho.

r-V. 2 Fatores que determinarn a tendencia a corrosao intergranular.

A suisceptibilidade dos agos inoxid~veis austenfticos a corrosao intergra-
nular depende da saa tendencia a sensitizagao e esta, par sua vez, depende de Lima
sdrie de fatores, entre as quais podem ser citados, os seguintes:

1 . tempo de, permanencia dentro, da faixa crftica de temperaturas;

2. teor de carbono;

3. tamanho dos graos;

4. deforrnagao a frio;

5. presenga, de molibdenio;

6. presenga de elemento, corn forte afinidade pelo carbono.

1. Tempo de permanencia dentro, da faixa, crftica de temperaturas.
0 tempo de permanencia durante o qual a arpo austenftico inoxidAvel

6 mantido dentro da, faixa crftica de temperaturas desempenha um impor-
tante papel. Corn efeito, foi verificado, experimentalmente, que, a uma
dada, temperatura da faixa crftica, a variagao da, tendencia. a corrosao corn

a tempo de permanencia se dA. corn urn maxmo, isto d., ela cresce inicial-III'. mente, atinge urn m~1ximo e depois decresce atd o desapa~recimento total da,
corrosao (20). A Fig. 23 ilustra, o fenomeno, que pode ser exý*-icado tendo
par base a segunda teoria. De fato, a quantidade de carbonetc~s precipitados
aumenta corn o tempo e, em consequencia, aumenta, tamb6m a quantidade
de cromo retirada do grao, Comno a difusao do crorno 6 mais lenta que do
carbono, haverit urn empobrecimento em cromo, na regiao perifdrica. do
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grao, sempre mais acentuado e, portanto, urna major diferenga de poten-
cial. Por6rn, ap6s urn certo tempo, a precipitagao dos carbonetos alcanqa
rA o equilibrio, e, entao, a partir desse momenta havera. uma. dlfusao, nos
graos, no sentido de nivelar o seu teor em cromo. Quando isto for alcan-
gado, desaparecerd. a diferenga de potencial entre o ndcleo e a periferia,
do grao, restando apenas a diferenga de potencial entre o grao e os carba
netos do seu contorno. Os carbonetos apresentam urn potencial eletroquf-
mico mais elevado do que o grao de modo que este ditirno tarnar-se-d
an6dico. No entanto, sendo, a sua. Area niuito, grande, relativarnente a Area
dos carbonetos de contorno, a corrosao resultante dessa diferenga de pa-
tencial se tornarl desprezfvel.

A cada temperatura dentro da faixa crftica corresponde urn tempo
de aquecirnento mfnirno Z, necessArjo para que o aq~ se tome susceptfvel
a carrosao intergranular. Esse tempo pode ser coni Aacionado, corn a tern
peratura de aquecimenta T (em graus absolutos) pela seguinte expressaa(20):

log Z=
T

onde 0 6 urna canstante do ago. 0 valor de Z varia tamb6rn corn a veloci-
dade de resfriarnento ap6s a solubilizagao: quanto mais rApido o resfrla-
mento major o tempo necessArjo para urn ago austenttico tarnar-se sus-
ceptfvel a corrosao intergranular (20). A Fig. 24 ixidica a variagao de Z
corn a temperatura de urn ago inoxidAvel austenftico 18/8 resfriado, (apds
a solubilizagao) de dois modos distintos. A disponibilidade desse tipo de
curvas 6 gtil na deterrninagao da soldabilidade dos diferentes apos austen!
ticos.

Essa variagao de Z corn a velocidade de resfriarnento (ap6s a solu
bilizagao) pode sen explicada tendo em vista quo a precipitagao de coristi-
tuintes nos contornos dos graos 6 urn processo de nucleagao e crescirnento.
A passagern, pola faixa crftica de temperaturas, implica no apanecimenta,
do urn certo nilmero de ndcleos que 6 tantc; major quanto major for a tem-
po de permanoncia do ago nossa faixa. Ass-in, un nesfriarnento mais lento
prornoverl a forrnagao de urn aprocidvel ndrnero de nacleos quo, posterior
mente, quando, do nova aquecimento, jIA sofrerao crescirnento.

2. Teor de carbano
A susceptibilidade, de urn ago inoxidAvel austenftico a corrosao in

tergranular, vania, quase lineanmente, corn o seu teor do carbano (18)(20).
Isto 6 de so esperar, urna vez que o, carbono 6 urn dos principais constituin
tes dos precipitados dos contornos de grao, e., portanto, o respons~vel dire
to pela E~nsitizaqao. A Fig. 25 ilustrc- a vaniagao da corrosao, intengranular
corn o teor de carbono de urn ago 18/8. Note-se quo, abai~xo d6 0,03% de



ca rbono, a corrosao 6 praticazuente desprezfvel, No entanto, esse valor
nao pode ser considerado corno limite de separagao entre a susceptibilida.
de e nao-susceptibilidade a corromao iintergranular, pois o mesmo varla
corn 08 demais fatores.

3. Tamanho de grao
Apos inoxida~veis austenflicos corn graos grandes sao, mais suscep

tfveis a corrosao, inttergranubar do que aqueles corn tarnanho de grao pe-
queno, (20). Isso se deve, provavelmente, ao fato de que curn o aumento do
tanianho de grao a relagao entre a drea cat6dica e anddica tamb-rn aumen-
ta, resuijtando, em consequencia, umn aurnento de densidade de corrente na
-Area an6dica.

4. Deformayao a frio
A deforniagao a frio dos apos inoxid~veis austenfticos, previarnente

solubilizados, dirninui fortemente a sua tendencia a corrosao intergranular(20).
Uma deformagao a frio, acirna de 15% enc-4rrega-se de "abrir" os pianos de
escorregamento dentro dos graos, de modo quei: quando o ago for aquecido,
Para dentro cia faixa crftica, a precipit~ao.. e carbor~etos se dard de prefe
rencia. ao longo desses planos e nao' dos cpotornos. Em face disso, resulta
rA unia dispersao dos carbonetos dentro dos graos corn consequente dimi-
nuigao cia ausceptibilidade a corrosao intergranular.

5. Presenea de molibdenlo
Apos inoxidkveis aust'enfticos, corn I a 3% de molibudenjo, saco menos

susceptfveis a corrosao intergranular do que os que nao o cont~m (20). 0
inolibdenio, sendo, umn componente estabilizador cia ferrita, favorece a for
magao cia estrutura austenito-ferrftica no ago. No entanto, a presenpa de
ferrita favorepe a precipitap~ao da fase sigma nos contornos de grao que
atua de modo semeihante a dos dernais precipitados no que se refere a cor
rosao. Desse modo, a adipao de inolibdenio a umn ago austenftico inoxidg-
vel nao resolve o problerna de. sensitizagao, por~m apenas a dirninui ligor-
ramente.

6. Presenca de eleinentub curn forte afinidade nelo carbono
A adipao de certos elernentos aos agos inoxid~.veis austeiifticos, co

mo por exemplo, tita~nio, colurnbio e tdltetco (1C) (20), aumenta considera-U ~velmente a sua resiste~ncia a cor1 'osao tn ~rgra-Aular. Esses element os
apresentarn ura ainidade ;p( lo carbono mnajor do que o cromo, de modo
que, os carbonetos qw- . ecipital. sao dle tQreferencia cdemses elenientos.
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Desse modo, o, cromo perma~nece em solugao sdlida, evitando a formagao,
de, gradlentes de concentragao que sao, rE~&iponslveis pela corrosao inter-
granular. Polo, fato de conferirem aos agos grando resistoncia a corrosao
intergr~tna1ar esses elemezitos sao charnados de "estabilizadores" e o ago
que os sconken 6 chamada, Iles tabilizado"~.

IV. 3 Medidas para eliminar a corrosao intergranular.

Quando urn ago inoxid~vel austenftico 6 utilizado em condigoes em quo ole
nao, sofre aquecimento, para. dentro, ca faixa crftica de teniperaturas, nao hA noces
sidade de nenhuna, medida, no sentido do eliminar a sua susceptibilidade a corrosao,
intergranular, sendo stificiento apenas urn tratamoento de solubflizagao, na faixa de
temperaturas de 105 0 a i1 30OQ C,. seguido, de res.ýriamnento brusco. A Bolubillzagao
encarrega-se de ~jissolver todos 08 carbonetos do contorno e o resfrianiento brus-
co evita. a sua re-precipitagao (18). No entanto, estes tratamentos t~rmicos nao,
podem ser aplicados a pepas grandes, ou, entao, pegas quo nac, possam tolerar
oscamas e ompenamontos quo ocorrem flosses tratamentos.

Para ease tipo do pogas, e para pegas qao sao aqiiocidas para, dentro cia
faixa, crftica, hA necessidado do se adotar uma ou tuma combinagao daEJ seguintes
modidas:

1. Reduzir o toor de carbono ao mibirmo possfvel.

21 Manter urn pequeno tamr-. ae c: grao.

3. Promovor deformagao a frio ajp6s a solublllzagao, e depois aquecor
para. dontro da, faixa. crftica, no sentido, de promovor a preeipitagao,

dos erbonetos ao longo dos pianos do oscorregamonto.

4. Aquecor a pepa dentro cia faixa crftica, longe de, agefltes corrosi-
vos, por tempo suficiento para promover a homogoinizagac do cro

mo, dontro dos graos.

5. Adicionar ao ago elernentos estabilizantes (titanio, colclmbio, o tdn
talo).

Do todas essas medidas, as mais .'-rgamente utilizadas sao, a primeý i e
a tiltima.
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IV. 4 Exeinpias: Dois casos de corrosao intergraznular

IV. 4. 1.Corrosao de urn tuba, de a~o inoxichivel evrngea~do na vrotecap de
urna resistencia eldtrica

Trata-se de umn caso de corrosao intergranuiar ocorrido corn urn
tubo de ago inoxid~vel. AISI 316 utlllzado na protegao de urna resistoncia
eldtrica (21). Esse tubo trabailio~i w-ergulhado, ate sofrer ruptura, nurn
banho de sal fundida de umn forno de tratarnentos t6rmicos, durante, cerca
de 20 horas. A ternperatura do trabaiho do banho era em rn6dia de 2700 C.
O sal era urn cornbinagao de nitrito de s6dio, nitrato de s6dlo e nitrato de
potdssio e continha, alern disso, quantidades aeprecilveis de cloretos.

0 exame do tuba permltiu verificar que a sun corrnsao foi genera-
lizada em tada a superffcie externa, quo estava em contato corn o banho.
A corrosao foi tipicarnonte intergranular, conforme pode ser observado
nas Figuras 26 e 27. A Fig. 27 mostra, aldm disso, presenga do carbone-
tos em contarna de gr~u que, na realidade, nao, estao muito artidos em vir
tude do baixo tear do carbono do ago.

Em face do exposto conclui-se que so trata do urn case de sensftiza
pao do ago. Encontrandai urn meo razoavelmente corrosivo, umia velz que
as cloretos constituiarn parcola. apreci~vel dentro do sal, e tendo em vista
a temperatura do trabaiho, a tuba sofreu forte corrosao, chegazido a ruptu
ra. Deve-se notar que, aposar da temperatura do trabatho do banho ter si
do de 270Q C, a temperatura do tubo fol cons ideravelnierto superior, em
virtude dc gradiente termico que oicorreu nessas condigoes.

IV. 4. 2..Corrosao do umn anel-do ago inoxidlvel utilizado nurn eauiparnento
agi 4M ico0

Trata-se do urn caso do sensitizagao devida, a solda, ocorrido corn
urn anel do ago inoxld~vel, austenftlco AISI 302. (22) Este anel apresentava
duas soldas longitudlnais e trabaihava em contato corn Acido, sulfdrico em
equiparnento qufmico,

A corroaao dosenvolvea-sc apenas nas regioos vizinhas as solidas,
conforme pode ser vista na Fig. 28, e,, aleni disso, fol tipicamente inter-
granular, segundo mostra a Fig.-29. A precipltagao do carbonetos nos con
tornbs dos graos fal confirmada par exame metalogrifico,



V. I i-v-.\4RA, POR COR1BOSAO SOB TENSAO

V. 1. Caracterfsticas gerais

Se urn metal ou liga estA submetido a uma tensao de, tragao eslAtica consi
der~veI, num mejo agressivo,, podemos ter slimplesmeiite tuna aceleragao do proq
cesso corrosivo. Entref -nto, em certas condigoes, pode, dar-se o aparecimento
de urn fenomeno de carp aterfsticas diferentes, que recebe o nome de "1fratura por
corrosao sob tensao"l (" tstress corrosion cracking"). Este fenomeno, se caracteri-
za pelo aparecimento e posterior deaenvolvimento de ti incas que conduzem a rup
tura do metal.

o tempo necessitrio para, que baja a ruptura depende da, tenaao de, tragao
aplicada, da agressividade, do mejo e da liga utilizada.

A corrosao sob tensao assume caracterfsticas prdprias para cada Ilga e
para cada melo corrosive. Podemos enumerar, entretanto, caracterfsticas comuns
a todos os casos:

1. A fratura causada pela corrosao sob tensao, em geral, nao apre-
senta estric9ao e o aspecto 6 semel~hante do dado por fadiga. Corn

a propagaqao progressiva da, trinca resulta uma diminuigao na secqao re-
sistente Wt ser atingido, o limite do resistencia do material. Desse modo,
aparecem na fratura duas zonas distintas: a primeira, niais lisa, corres-
pondendo, a trinca propagada e a segunda, de aspecto rugoso e grosseiro,,
correspondendo a ruptura brusca.

3. A corrosao sob tensao s6 se manifesta quando hAi a apao simultanea
-de, consider~vel tensao de tragao e de urn meio corrosivo. Isto sig-

nifica que nao haverl ruptura se mantiver-mos sob trarao., em meio nao
corrosivo, un. material previamente corrofdo (23).

3. Tensoes de compressao nao causam rupturas. Ao contrdgrio, a in-
troduqzo de, tensoes de, compressao na su-,t-. :rffcie de urn metal ou Ii

ga pode prevenir o trincamento devido a corrosa, sob tensao.

4. As rupturar, pedem ser devidas tanto as tensoes internas residuais
quanto as terasoes externas aplicadas.

5. As trincas podem, ser intergranulares, transgranulares ott mistas.
Urna trinca originada por urn processo corrosivo intergranular terl

umn desenvolvimento predominantemente lntergranular. Por Outro lado, urn
ataque corrosivo, que se dA. no corpo do grao, darA uma trinca, de desenvol



virnento transgranular (24).

6. A corroisao 6., %,, j6eral, A.L---onte localizadaa iisto Siý,nifica que
podenios ter poa ti-ncuda,; oui romj.fA-as ,or corrozao Soo ioThbao

sern que a superffcie dus, lesliias denote evicksnuia de proce&.so corro-sivo
genera"iizado.

7. As trincao; se ([esenvolvcr- perijcndic;ubI~. :ei-.,we a direvao do eslor-
go de tra~ao.

o. EIL auitoz, c;"ýob tei..-,.e cobsrax.o a. exijtencia ce uu~a tensuo i;.f-
niLa, bait:o da ~:imla;1 i-,,e -;erificar.:. rcu1~l~ras iuum te;-. roi-*iuito La~s-

V. 2. Mt.a~i~s-o do trincai.,anto *.o. ;orros-.-o Sob twozoa

o D2reirnt ea"to;o Ce t,:incas naum.eL ýPetlAiwo, jorrof
:;o.xb tens ao, 6 u-.-. fenorneno;:coi-,,le.xo :-u;.ltante de aU,,oos -j..a(wI~ca8 e elctro-

~,! tenscies C imLe sere~a cirata-'..ente Lc 'o .~vcLe r
V~a ~ trin~a 0 ;0!13e,,Lenta L&est.:.uija(o Lf.-.1 ±-aterJ~ia, *LQicl: a,6

.qcu com,?ortamcntoft eletzo~ .fr2Aco.

'.?ar~a emplicarinos o -au(cafis.,.o do0 trincamento, or corrosano soi, tensao
devemos ccnsiderar cae& umf 61.- ciý,cis jios e.,) -,,ieze-.ýo §oe divi~ir o ,rVoLcbso,

asaber, a ýormapao da tzinca e a sua 41,osrerior propjagLatao.

a) Forimacao cia trinea

A formtpao da trinca se cieve a umn ataque corrosivo localizacdo.
Este ataque pode se -dar em:

1. Aireas andGc-cas :ao Contornos de Lraoq.u-- sao devidas a pr~e
senga de precipitzados, ao alto acdi~nulo ugmero de defeitos
cristalinos ou a concentragao de tensoes;

2. Pontos de ruptura do filme buperficial de 6xido;

3. dra anddicas devidas a deformagao pl~stica, -podendo se
ter inclusive a precipitagao de fases meta-estdveis;



4. Areas de contornos sub-estruturais nas quals podernos ter
uma segregapao de Atornos de soluto ou acdmulo de defei-
tos cristalinos (25)(26).

b) Propagayap da trinca

A propagagao da trinca tern corno explicagao mals plauisfvel urna
teoria mecanica. A concentragao de terisoes no fundo de urna fispara min
cialmente formada pode, provocar,, em certos pontos, a deformagao plds
tica corn a coneequente propagagao da. trinca. A deformagao pldstica pro
voca ainda a ruptura. do filme protetor. 0 meio corrosivo que penetra na
fissura acelera a propagagao da, trinca. Assirn, se por quaiquer motivo
for interrompida a propagagao, o ataque corrosivo no interior da fissura
reiniciard. o processo. As trincas rnaioree possuem tendencia de se pro-
pagarem mais rapidamente que as menores. Assim. que uma trinca se, tor
na dominante ela interrompe o desenvolvimento de outras.

A velocidade de propagapao de urna trinca aumenta em progressao
geom~trica corn o tempo (.31)(26).

V. 3 Exemplo: Corrosao sob tensao de, barras protendidas.

Corn a generalizagao do emprego, de concreto protendido, na construgao ci
vil, urn born ndmero de casos de rupturas de barras, devidas a corrosao sob ten
sao, tern surgido, urna vez que as barras das armaduras sao empregadas sob
tensoes de trapao pr6ximas do Ilimite de escoarnonto. Nestas condigoes urn meio,
mals agressivo poderl causar graves danos a estrutura. A o caso do concreto
que contdm cloreto de calcio como acelerador da pega. Este componente tern se
revelado urn agente danoso na corrosao sob tensao(27).

A preseenpa de nitratos tambdrn tern provocado o fenomeno (29).

0 gd.s sulffdrico 6 mais drAstico, devido a difusao de hidrogenio, no reticu

lado, provocando assim fragilizagao localizada. (28).

A prote( ao imperfeita da barra ou ararne pelo concretwe pode tambdrn favo

recer forte ataque corrosivo.

Al6rn das %. ondigoes do meio, inf luem tamb~rn sobre a resistencia do ma-
terial a natureza e tratamento do mesmo. Assiin, material temperado e em, geral



sensfvel a corrosao sob tensao (30). Por outro lado, barras encruadas e aliviadas
de.tensao, possuem mnclhor resisteencia (27).

Passaremos a descrever, eir segu~ida o caso de arame empregado na ar-
madura de talbo protencildo na seguncia adutora de Ribeirao cias Lajes e que foi en
viado ao, I. P. T. para deterruina~ao da causa de fraiui'a (31).

Este arame foi aplicado sob tcrnsao, siobre urn--a (;a,, iza de ajýo, quo .:-or
sua vez revestia urn tubo de concreto com~ esrje~sura i~~ua e o va.. 0 tubo tl:±iia
0 diametro de 1, 75m e o ararn~e era ai-licado ci:.i espiral eui tw~ro dele. Nas ex-
tremidades o arame era preso fpor nueio de itivas quý: er4.L± sfkiidas a caxia.i. .'s
emendas, quando necessdrias, eram, feitas atravdz de kwvas espiccibiis. Os itubos
as~im protendidos erarn revesticios externanmente j~or ux±11a eirgaih~assa a lim de
proteger a camisa. e o aranie contra a corrosao. A Fig. 32 mostra uin desses tu
bos corn argamassa parcialmente removida.

As rupturas tiverama. infcio depois dos tubo.s ostarem em servigo por mais
de 4 anos e se deram no trecho dle preSsao mntd.ima cia linha (30 mi de Agua). 0 as-
pecto das fratui'as resultantes encontra-se n~a Pig. 33.

Nas araostras recebidacs constatou-se que certas porpoes do ararne erain
francaLocnte qu~.bradigas e se roinpiam ao serern dcbracias) ecuuanto q'ue ou~tras
suportavam ik11xao zaanual forte.

Na fratura, a regiao corres.-pondcntc u t,-nca 0- cst- ra (dCCv.,O -t corrob-ao)
enqaanto que a regiao roniqidai brusczuixntej.ýor 6ca -,..)is brithai~te.

iUr~a p.orluentagemu L.hlto peqaena do araL-e rcucoi- c,,tranj~ulaniento
pronunclado, car~terL~tiwo L-e i,,erial tenaz ri. ,jicio por tra¶ý.ao9 corn pequeno
alongamento e 61rwi~e estric,,:ao.

Obi-crvaoes I~reliinmares foitoas Ucoaial tia ao lon-0 tic ununerosaz air-Ostras
do ararne .--erteiuecentes &Gs bubus roi,ýpWos, raveL-3.mm a existencia. de .zincas
t-axlsversais, conforine podE.-se observar nas Fig'ir:as A e O"'. --- IF iý. Sto akreseinta
detaihes do cilas trincas da Fig. 35.

As observagoes, feitas nos Wi(. rompos rcei'arama qtue nGs iocais e_-
que a ruptu-a- do araaie provocou a sra;o (:a ar-an-,isa protetora, o araii~e
se apresentava enferrujado. Entretalito, em OLtZo.3 loajb, onue a ruptura do ar~t
me nao provocoix a fissuragao cia argamassa, nao ioi nota4a. a presenpa de feru--U
gem a nao, ser na secpao da fratura.

0 exam. xnicrogr~ico do m-aterial revelou tratar-se cie aý* tem:-,:erado e
revenido, nao denotando qjualquer anomalia.



Se o araine JA estivesse trmceado quando da sua,-- )licagao dificilmente te-
ria resistido a protengao e mais 4 anos de trabalho. Portanto, do acirna exposto
conclui-se que as trincas surgiram no material depois de, instalado. Tendo em
vista que o arame eatava submetido, a consider~vel tensao de trafvao e que as evi
dencias apresentadas denotararn a possibilidade de, urn ataque corrosivo, conclui-
se que as trincas surgiram e se propagaram devido so fenomencr de corrosao sob
tensao.
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FIG. 10 Esqtiema de urn alv~olo de corrosa'o.

FIG. 11 Esquama da disposig-:o utilIwada para a
determina.,ao do potencial tube-solo.I
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FIG. 19 Corros-Ko alveolar dentro da c.aiileta
ci'rmdante Co fur de alimentagflo da
5L'Imoura.

FIG. 20 Secpio diametral de umn alvdolo da Fig. 19
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FIG. 27 Mesmo ago da Fig. 26. Gra.os de, aiiatenita, e carbonetos
em contornos de grio. Corrosao Intergranular na, parte
inferior. Secgao transversal. Ataque: dgua+rdgia. Am-
pliagio de 1000 dilmetros.

FIG. 28 Aspecto do desinvolvimento da, corrosao nas regloe
vizinhas a uma, das soldas do auel de ago InoxidAvel
AISI 302. Secg~o transversal. Ataque: dcido clorfdri
co. Ampliag'ao de 10 dfibmetros.
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* FIG. 32 Tubo corn argamassa parcialmente removida,
xnostrando arames rompidos.
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FIG. 33 Appecto de duas fratu'ras frageis observadas9.

- .:-..o* .

FIG. 34 Aspectos da superficie dos arames.
Ampliag-o de 4 di~metros.
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FIG. 35 FissuraB observadas na Bec91D
longitudinal. Ampllao0 de 7 dhiJmetrOls.
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FABRICACION DE PLACAS POROSAS

por Luis A. Boschi

Inti od tcci 6n

El Objetivo del presente trabajo es Ia. obtenci6n de materiales filhrantes en
furrna de plAacas a partir de polvos met~licos y Ia medicj5n de sus propiedades mds
1 mpor-tantes. Todo ello conteimplando especialmente elproblema nacional en cuan-
to~ a materias primas y equipos, con miras a ser utilizado por la industria. Se des
:iibe adcmls una nueva atm6sfera protectora, de muy facil produccifn.

FQUIPO UTILIZADO

Pr e is a

Se utilizd una pequeba. prensa. manual capaz de dar una carga de 10 tcriela-
das. La escala se recalibr6 con un dinamdmetro de aro deformable, asegurdndose
las lecturas en 3%.

Matri cerra

Se usaron dos tipos de matrices: Para prensar en frro, fabricadas en ace-
ro Plata, Para pastillas de 20 mm de diam., y Para prensar en caliente, fabrica-
das en acero W K Z de 10 mm de diam. Ambas con pist6n superior e inferior m;O
viles Para facili tar Ia extraccifn de Ia muestra. prensada. La matriz Para prensar
en ('aliente tiene tin si sterna calefactor exterior eldctrico, termostatizado con ter-
mocupla, y pir6metro de corte autom~tico, algunos detalles pueden observarse en
Ia Figura, 1..

H or no

Para el tratamiento termico en atm~sfera reductora, Ise us6 un horno tubu-
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-- AZ %, , 'L y4 cm de la~rgo de cuarzo, bobinado con alaxnbre Kat,,

que permite ilegar hasta 13000 C consumiendo unia notenc~a de 1,2 kw 6i hte-
ma estst termostatizado con pilrfSetro de corte autom~tico y termocupia de
cromel-aiumel. La atrndsfera reductora se introduce por una de Las tapas de
acero inoxidable y sale por la otra, la terniocupla, de medicidn y control entra
a travds de la priniera, tapa envainada en acero mnoxidable, el cierre bermdtico
de anibas tapas se obtlene con guarniciones de amianto, el gas protector rema-
nente es quemado a la salida, este d11timo detalle permite un control permanente
del mismo, ver Figura 2.

Granulometrfa de los polvos

Se determndn con un equipo de tamices seriadcis vibratorios del tipo cor1-
venclonal.

&4 Dispositivo 2ara niedir el caudal del lfS~uido gue pasa a tra-
ves de la pastilla _poror.a,1 en funcifn de la presi6n de entrada

Fue construftlo con accesorios coinunes de instalacidn de gas domiciliario,
con una. cupla de, unidn de 3/4 pulgada de diam. y dos niples de la misma rosca se
armd el sistemal esquematizado en la Figura 3, en el cual la pastilla porosa queda
entro dos guarniciones de goma, prensada par los niples. A! niple mds largo se
le soldd con estafto un tubit- lateral para acoplarle el mandmetro do medida de la.
presidn de entrada, por este mismo niple ontra tambidn el agua usada en la medi-
ci6n. obtenida. directam-ente do la red de distribucien donnciliaria. Las medidas de
caudial se hicieron recogiendo el aguadeJ saliua en un recipiente de volumen conoci
do y midiendo el tiompo con un cron6metro.

Dispositivo para medir la carga de rotura

So construy6 en acoro, sin teinplar y de acuerd o al disefto adj unto, Fig. 4.
en el cual la pastillaq~ueda firmernente sujota al arsretar la. rosca inferior de suie-
cidn, evitdndose Las pdrdidas de presifn niediante Las guarniciones de gonia. En
la. parte superior se coloca grasa liviana para la uniforme transmisifn do la pre-
si6n y ademds ovitar, por su viscosidad, p~rdidas. Para que la grasa no pase a
travds do la. pastilla en ensayo cerranios sus poros con un disco de polietileno del
gado (0, 2 mm) el cual resiste znuy bien la presift ejercida por la grasa. pues se
apoya contra la. pastilla. porosa sin entrar en siis 1,--.ros y aden-As al roniperse dsta,
no ofrece ninguna resistonciamnecdnica. Para reaPh...r el ensayo todo el dispositi -
vo es comprimido en la prensa antes citada y la. carga do rotura leftia en la. misnia,
solo resta calcular el area de la pastilla en ensayo y de ahf dedu.wt r la presion es-
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TRAPAJO REALIZADO

So estudlaron tres materias priinas de nuestra plaza y luego de algunos en
sayos previos coneistentes en: observaciedi microscdpica, deforminacift. de granit
lometrfa y compresi6n en £rro, se eeleccion6 mn polvo de bronce provisto pw IMar
cader (1A Plata), que tiene las sigulentes caracterfsticas:

Composlclt~n qurmica: Cobre 90%

Estafto S. 5%

Zin1c 0,6%

Mdtodo de obtencidn: por pulverizaci6n en estado lI'quido, fundido

Observaci6n microscdpica: forma prdcticamente esfdrica, y muy regular, vc-r fo-
tomicrografla No. 1.

Deterrninacifn de !a granulomeftrfa y del tama~io de las partfeui-as por medici6ui al
microscopio con micr6metro ocalar:

Malla retenido % didlm. mIihimo y nidximo

50 3494 350 500
70 2697 250 350

100 19,6 150 250
150 13,6 80 150
200 4,3 70 80
250 0,9 45 70
325 0f,23 30 45

mencs 091menos
325 0,1de 30

Se hicieron ensayos de compactacifn en frfo con muy mad resultado, las
pastillas no tenfan cohesidn suficiente adn prensadas a 20 ton/cm2 pese a ser ya
muy poco porosas. Los ensayos de compactacidn en caliente hechos a 3000C y
50000 dieron pr~cticamente el mismo resultado solo a 6000C las pastillas tenfan
cohesidn, pero su densidad aparente se habia elevado a 8,5, es decir casi la del
bronce, lo cual significa muy pocos poros.

De todo lo anterior se observa que el nilmero de poros es muy pequefto y
la tecnologfa de producci6n mnuy compleja, ademd~s el prensado en caliente acorta
extraordinariainente la vida idtil de las matrices. Por Io ta.nto se intent6 usar el
"tfritagett, es decir: la sinterizaci6n sir. prensado previo, para ello se construyd
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una. beria de cloce matrices cilfibdricas con ambas caras dezsmontables segdn el di-

sefio adiqjnto (Fi.5)

El material usado fue hierro coxndn de cafto de gas, para el cuerpo y chapa
de hierro para !as tapab. LUsamos para el tratanijento termico el horno antes des-
crito y adoptamot, en. priniera instancia. el gas comdn de caflerfbL domiciliaria (meta
no 90%, propano 10%)' como atm6sfera protoctora, para ello conectamos directamen
te l~a entrada del horno a la red d-- distribuci-in y quemamos el gas en el caiho de sa-

iJda con una llama luminosa de 5 a 6 cm de alto. Iniciamos la serie de ensayos a
la temperatura de 700oC y una hora do tratainiento tdrmico, esto significa cargar
lAs muestras en el horno frro, comenzar a circular el gas hasta desalojar todo el
aire del interior del mismo. aoznGectar 1z oaleffaccifn y al ilegar a 70000 niantener
dicha. temperatura durante uxta hora, inter-rurupir la calefaccidn y dejar enfriar en
el horno hasta temperatura wrbiente siempre con circulacidn de gas.

Las mallas usadas en este ensayo fueron: 50, 70, 100 y 150. El resultado
no fiae nada satisfactorlo puos si bien las niuestras eran muy porosas, no tenfan re
sistencia mecgnica, se desmenuzaban al rascarlas con la. ufla, el efecto era muy
evidonte en Ian mallas mds gruesas 50 y 70.

El ensayo siguiente, aumentado la temp:eratura a 8000C, pr~cticamente no
mejor6 ia calidad de las pastillas. Decidimos cambiar la atin~sfera por otra mu-
cho mds protectora, usamos ltdr6geno puro. Se cargaron en el horno las mismas
mallas anteriores, la temperatura. so fij6 en 7000C y el tiempo una hora.

E~l resultado fue uxia mejor-a notable de la superficie, 11a cual so presenta
lixnpia y casi bril~lar~te de color met~lico rojizo, pero las probetas no tienen sufi-
ciente cohesidn, so desgranan al rasc~arlas, En el ensayo siguiente elevarnos l~a
emperatura a 80000, mantenierndo las otras condiciones iguales. Resultado: las
pastillais se contraen fuertemente en sus moldes, aproxiniadaniente el 15% en volu
mnen, se redujo el ndmero de poros,, su aspecto era limpio y met~lico, tenfan des-
de luego gran resistencia meedn~ica.

Todo ello es prueba de excesiva temperatura, un ensayo a 75000 nos di6
pocax coh-esddn, por lo tanto decidi mos acortar el tiemnpo, manteniendo 80000,a me
Clia hora. Ell resultado fud excelente: buena cohesidn, poca contracci6n (2 a 3%),
suporficie llrnpia y pulida. En un intento do bajar el costo y los riesgos del proce.
so cuando so usa hidrdgeno, se nos ocurrid probar una atm6sfc~ra muy reductora
formada por burbujeo do gas natural en alcohol metflico, se pueden ver detalles
do la instalacidn en el diagrama adjunto (Fig. 2).

Repetimos las condiciones anteriores: cargamos Las niallas 50, 70, 100 y
150, la teinperatura fud de 80000 y e1 tiempo fue do media horn, usando la nueva
atmdsfera. Resuiltado: realmente extraordinario, con mejoramiento del brillo su
perficial. La idea ha sido objeto de una patente nacional tramitada con el ndmero
183. 356 el28 doAgosto de 1963. Cone ste ensayo dimos; por term Piada la produc-
ci~5n de pastillas y comenzamos a medir sus propiedades.
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DETERIVINACION DEL CAUJDAL EN FUNCION DE IA PRESION

Con el dispositivo descrito anteriormente se mldi6, usando aguE., el caudal
que pasa a travds d3 los filtros en funci6n do la presi6n de e...rada,, la presi6riL de
salida es la atrn6sfdrica. Es decir, manteniendo la presi6n de, entrada constante
se midieron los segundos quo tarda on pasar un deterzninado volunien, eso a varias
presione.- A*. entrada y para cada filtro, tipificado por su malla. Los resultados
de dichas rnediciones so pro sentan en la Figura 6.

MEDICION DE LA PRESJON DE ROTUTRA

Usaixio la tdcnica y el aparato antes descrito se realizaron una serie de en
savos hasta rotura, tres por cada filtro, correspondiente a cada malla. Con esos
datos se calcul6 por unidad de drea filtrante y por milrxnetro de espesor ]A- resis-
tencia. especrfica para cada mali"a:

Malla presidn de rotura por cm2 y por mm.-
de espesor

50 60 atm6sferas
70 70

100 85
150 88

OBSERVACION MICROSCOPICA
.AS

Se utiliz6 wi microscopio metalogrdfico Leitz para, fotomicrograffa niodelo
Panphot, con accesorios para macrografIfa. Las placas aran de vidrio 9 x 12, pro
cedencia nacional, inarca Lasaf y tipo normal. Se conienz6 por obtener fotomicro
grafras del polvo sin sinterizar, pero despuds de haber sido tamizado se tomaron
las mallas extremas 5 0y 15 0 y se procesaron juntas en la misma copia, (Fig. 7 ).

Podemos observar con toda claridad el aspecto uniforine de cada. partt'cula.
L~a f otomicrograffa de la Fig. 8 muestt-a las probetas tratadas a 9 00OC durante una.
hora, ego decir un tratamiento excesivo; dichas probetas habfan disminuldo a3u vo-
lumen aproxiniadamente el 15% y con ello el ndmero de poros.

Estas pastillas antes de ser observadas fueron pulidas con papeles esmeril
de grano 100, 180, 400 y 600, y luego atacadas con Acido nftrico al 50%. Como ye
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mos en la fotograffa. las partfculas han dejado de ser esfdricas nara toniar fona
po'iddi&ia~s preferentemente de, corte eragonal, tendieudo asf a ocupar todo el es-
paclo y eliminar las huecos y poros. La fcto de la Figura 9 corresponde z una de
las mejores muestras obtenidas a 80000C .media hora y atrndsfera gas-metanol.
IA probeta fud r.tacada y pulida igual que ]as anteriores. En ella se vd con toda
claridad el proceso de, sinterizado, en el cuello de contacto de los granos, dcmde
desaparece, toda discontinuidad quedando las esferas memdlicas soldadas, por difu
sb~n entre, sr.1 dejando a sus lados poros de forma aproximadamente tetraddrica,
cuyo corte da los tridngulos negros de la foto.

LA fotomicrograffa de la Fig. 10 corresponde a dos filtros terininados,
aurnentados 6 veces correspondientes a las mallas 50 y 150.

CONCLUSIONES

Primera: Para la obtencidn de filtros de buenas propiedades debe partirse
de polvos esferoidales como los obtenidos por s~pla,(fa en estado lfquido.

Segunda: No es necesaria ninguna presidn de compactaci6n ni en frfo ni en
caliente. Esto hace, al proceso de muy bajo costo, pues solamente deben construir
se matrices de chapa de hierro con la forma del filtro a obtener. La vida de, las
matrices es muy largs, pues no est~n sometidas a ningdn esfuerzo mec~tnico ni
ataque tdrmico u exidacidn alser dalentadas en A3n6sfera protectora.

Tercera: La atmdsferd, protectora es muy sirnplJ-i, solo gas de la red de
distribucidn dorniciliaria afladido de metanol por burbujeo. Patente Argentina en
trdmite No. 183.356.

Cuarta: La capacidad filitrante es muy buena, para un filtro obtenido con
polvo malla 50 (350 a 500 micrones) que, retiene, partfculas de 40 inicrones es ca-
paz de filtrar tin litro por minuto y por cm2 con una presidn de entrada de sola-
mente 0, 5 atmdsfera.

Quinta: lMliy buena resistencia mecdnica, el mismo filtro citado en la con
clusi6n anterior es capaz de soportar una presidn mndx~ima de 300 atmdsferas sien
do su espesor de 5 mm y su di~metro de 20 mm.

Sexta: Ademds el filtro met~lico posee las siguientes caracterfsticas:
a) buen-a resistencia a la corrosi6n; b) resistencia a teniperaturas elevadas, se
pu&ion filtrar lfquidos muy calientes; c) no son absorbentes; d) son de fdcii lim
pieza (a contracorriente); e) se pueden fabricar con una gran uniformidad y en
forinas muy variadas y complejas; f) p,.eden ser mecanizados y soldados.
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Figura 7 Def-=rinaci6n de Forma de Grano y Comparacidn
de Polvo de Bronce

Figura 8 Determinacidn de Granos y Sinterizado en Filtros
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Figura 9 Deterrninaci6n de Granos y Sinterizado en Filtros

Figura 10 Determinacifn de Granos y Sinterizado en Filtros



NUEVA TEORIA PARA EL CALCULO DE ESFUER ZQS
EN LOS TRATAMIENTOS MECANICOS

por Eduardo R. Abril

In tr o du c ci 6 n

La aplicaci6n de principios termodindmicos ha permitido, en muchos ca-
sos, resolver en forma clara y sencilla problemas tecnol 6gj cos cuya soluci6n Por
otros medios era sumnamente compleja.

Sc considera que, siempre que sea posible aplicar criterios termodingmi-
cos. las conclusiones a que se arribe serdn rigurosamente ciertas, si ]as hip6te-
sis iniciales lo son.

Independientemente de las objeciones de car~ctcr l6gico que pueda tenor ]a
aplicaci6n en la soluci6n de problernas pr~cticos, de icyes genorales acepto'das "a
priori", como lo son las termodindmicas, 'Ia v'erdad es que los resultados obteni-
dos hasta hoy dan a esas leyes una fuerza de conviccifn indiscutibleocn los canmpoS
en que han sido aplicadas.

Una de las ventajas innegables del matodo termodin~rnico es (lit lvi-mitc
prescindir de los detalles caracterrsticos de las transformaciones de los Siste-
mas, y obtener conclusiones vinculadas exciusivamente con los ostados iniciali v
final de dichos sistemas.

Este es el criterio que se utiliza. en el presente trabajo, donde so encara
]a soluci~n del problema de la determinaci6n de potencias y esfuerzos en los pro
cesos tecnol6gi.cos de deformacift pldstica, y por ello es posible decir que se ha,1
aplicado un criterio terniodinlniico.

LA ENERGIA EN LOS SISTEMAS MECANICOS

Toda vez que se aplica. un esfuerzo a un cuerpo s6lido. so producen def or -
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maciones en el mj1.mo. Cocmao coniseetencia die ello, ci cuorpo absorho uina ciorta
cantidad de energfa que podrd quedar alinacenada en el mismo o sor dcvuclla prin
cipalnionte en forma de ca lor.

Cuando lor, esfuerzos aplicados son bastante olevados y los matorialos tie-
non capacidad de deformacidn p1dstica, como sucede en kbs procesos quc aqur sc
analizan, los cuerpos canibian de forma, y la cantidad do cncrgflIa quo el cuerpo
retiene es sumamente pequefia en comparacift con la que ha sido necesaria apli-
car (aproximadamente el 10%).

El cambio de forma por deformacifn p1~stica es, pucs, un prohiema do muy
poco rendimiento termodindmico. A c-lb debe agregarse ci hecho do quo, para pro
ducir el cambio de forma es generalmtente necesario consumir una gran cantidad
de energfa destinada a veneer los frotannientos quo se originan por contacto entre
el material y los dispositivus usados en la transformaci~n.

La energf1a requerida por un proceso do deformaci~n pldstica, medianto 1-1
cual un cuerpo pasa do un estado a otro, puede calcularso si se conoco la variaci6n,
durante el. procoso, de las tensiones existentes en cada punto dei material, y ade-
mits la icy que vincula dichas tensiones con las deformaciones unitarias que las
acompaiian.

En el ostado actual, oso conocimionto es muy rolativo y pr~lcticamente des
conocido en ciertos procesos, como el do estirado do alambres on hileras.

En voz do analizar la variaci6n de tensiones y deforn-acioncs quo se produ
con durante el proceso, tal como so hace on la teorfa clisica, so propono aquf la
hip6tesis do quo la energia requerida para el canbibo do forma por dcformacifn
pldstica dependo do los estados inicialos y finales del cuerpo, y no dcl modo en que
so ha producido la deformacidn, siompre quo on el proceso no se origincn trabajos
rodundantes.

Acoptado este principio, y aclarado ei concepto do trahajo rodundanic, es
posiblo doterminar, sobre nuovas bases, f6rmulas para calcular ia energifi y los
osfuerzos roqueridos en procosos tecnol6gicos.

Antes do habiar del trabajo redundante y proscindiondo del mismo, so anali
zardn las razonos quo abonan ia hip6tosis do quo el trabajo requcrido para un cam.-
bio do forma es indopendiente del m~todo usado para producir dicho cambio.

La principal raz~n es ia idea do quo la. naturaloza trata siompro do ahorr.I r

nmodos distintos, ambos continuas yprogresivos, parece ldgico quo la naturaleza no
tuncrgI one n sutansfor mAciones.f Sien uncamboo forma e po~o, scr logresados do do

los, enfray propiedados, son iguales.

Como se observa quo, a igualdad do temperatura, las propiedades ff~sicas y
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qufmicas de Los materiales metdlicos al final de Los procesos tecnol6gicos depen-
dIon prdtcticamente del cambio de dimensiones (grado de reducci~n) y no de la ma-
nera on quo dicho cambio se ha logrado, resulta l6gico, suponer que la energfa ab-
sorbida por el cuerpo en ambos casos sea la misma. Tambidn resulta. bastante 16
gico admitir, siempre prescindiendo del trabajo redundante, que la energfa cedida
on forma de calor al ambiente y por ende la energfa total requerida sea la misma
en amnbos casos.

TRABAJO REDUNDANTE

El cambio experimentado por un cuerpo al pasar de un estado A a un esta-
do B, de mayor nivel energdtico, exige siempre una energfa mayor que la diferen
cia cntre Las energflas que contiene el cuerpo en ambos estados.

Se supone en este estudio quo existe un mfhimo de energila adicional para,
que un material dado pueda pasar, por deformaci6n pldstica, de un estado de forma
A a un estado~de forma B. en igualdad de condiciones de temperatura. y velocidad
de dcformaci6n.

Sumando esa. energfa mfnirna adicional y la energfa retenida en el cuerpo
corno consecuencia de la, deformacifn, quo se supone c'nnstante para un camb-*o de
forma dado, so obtendrd lo que se designa, como energDal requerida para el cambio
de forma. Si JA energIt. utilizada, en un proceso tocnoL6gico es mayor quo la requcj
rida para el cambio de forma,, se dice quo el excoso correspondo a un trabajo re-
dundante rocibido por el cuerpo.

Un ejemplo aclarard este concepto de trabajo redundante. Si el cilindro dc
forma A de la Fig. 1 recibe un trabajo moce.nico T para ser 11ev-ado a la forma B y
otro trabajo igual para restituirlo a sus dimensiones iniciales como se muestra en
CS, .diremos que el cuerpo ha, recibido un trabajo rodundanto, igual a 2T. Si el pro
ceso continuara hasta que el cuerpo alcance la fornma D, e mpleandose para ello un
trabajo adicional T?, la energfa total recibida por el cuerpo, en ol proceso serfa:

E =2T +Tv

El primer tdrmino del segundo miembro de esta exprosi6n serd considerado
trabajo redundante en relaci6n al, proceso do pasar de A a D.

Se origina trabajo redundante siempre que exista fricci6n, y tambidn cuan-
do cambia el sentido de Las fuerzas aplicadas, como sucede en muchas oporaciones
de forja.

Dado quo en el ejemplo, anterior el cambio do propiedades, y por consi -
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guiente, de en~ergfa retenida, en los estados A y C puiede Ilegai' a tener cticrui. hn-

portancia, es I6gico admitir que no todo el trahajo redundante es trabaj() pevrdido
con respecto a los estados iniciales y finales de un proceso, pero recordafl(o quC
el trabajo retenido en los procesos tecnol6gicos es del orden del 10% del empleado,
esas diferencias pueden considerarse despreciables y dccir que el trahajo redur'-
dantf se pierde siempre totalmente en forrma de calor.

EL TRABAJO REDUNDANTE EN LA FRICCION

Consideremos el caso de estir~ado de un alamhre a travds de una hilera c6-
nica. Si la superficie de dsta es te6ricamente perfecta, no existirdl frotaImiento,
entre el material del alamhre y cl de la hilera, y el proceso de transformaci6n so
rA continuo v homogdneo mediante '.a progresiva disminuci6n de drea de cada sec-
cidn transVersal del alambre.

Por el contrario, si las superficies presentan rugosidades, c~ada secCi6fl
transversal del alambre sufrir~l variaciones no continuas dc drcia. En efocto, di
chas secciones en vez de disminuir progresivamente dcsdc szu entrada en la Idle-
ra hasta su Salida, sufrirdn, corno consecuencia de las rugosidades de la hilera,
aumnent~os parciales de drea, tal. como lo muestra. exageradamente la Fig. 2.

En dicho ejeiaplo, el didmetro Do d e un segmento de volumen '4V dismi-
nuirl en forma continua hasta. DI. En ese momento su valor como consecuenCia, de
la rugosidad de la hileral, aurnentarl hasta D" para disminuir luego el valor D' an-
tes de continuar el proceso.

Cada vez que se produce, como con secuencia do la. rugosidad de las pare-
des de la hilera, un paso tal como el de Dt - D"- Dt ,se efectida un trabajo redon
dante 2T. siendo T el trabajo relacionado con el paso deC DI a D" e igualmente el
requerido para. volver de Dt? a D'.

ENERGIA REQIJERIDA PARA EL CAMBIO DE FORMA EN EL ESTIRADO
DE ALAMBRES EN HILERAS

Si bien la teorfa quo so desarrolla en este trabajo es aplicable a cualquiCr
pro('oso tecnolfgico de deformacifn pldstica, a continuaci6n se tratarit solamente
el problenia del estirado de alambres o barras en hileras (??trefflacifn!), dej~ndo
se para otra. oportunidad la aplicaci6n dC los principios onunciados a otros proCo-
SOS.
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Si so plantea el problema do transformar por deformaci6n pldstica un ci-
Ilindro metdlico de secci6n A0 y longitud LO en otro do seccifn A,. y Longit~ud LI,
,-; admite en general que el volumen se mantendrd inalterabie, es decir:

V =A LO = Al Ll (1)

De acuerdo con la hip6tesis, antes establecida, de que la encrgfli necesa-
ria para el cambio de forma doponde sdlo de los estados iniciales y finales, podr1M
mos calcular cual es el valor de esa energfa. suponiendo que hemos pasado del esta
do inicial al estado final, estirando cl cilindro mediante un ensayo de traccidn. El-
diagrama obtenido en dicho ensayo nios permitird caicular cl valor de la energfli
enipleada en el proceso. Ese valor podrdt luego utilizarse en relaci6n a cualquier
otro modo de producir el mismo cambio de fornma.

El hecho de que, en un ensayo de traccift, los materiales metdlicos de gran
plasticidad sufran tin fen6meno de inestabilidad Ilamado estricci6n, impide obtener
reducciones de secci6n uniformes del orden de las obtenidas en los procesos teono
l6gicos. Sin embargo, ello no es tin inconveniente para que podamos determinar
con bastante exactitud el aspecto, que presentarfa el diagrama de tracci6n, si la es
tricci6n pudiera ser evitada y ]a seccidn transversal Ilevada al valor mrnimo corre~s
pondiente al momento de la rot ara en la zona de estricci6n (*)

La fig. 3 muestra un diagrama tI'pico convencional de traccifn y el aspecto
que el mismo presentaria si la estriccifn pudiera ser evitada hasta el momento de
la rotura.

Suponiendo quo el ensayo se suspendiera cuando ci cifllndro de longitud Lo al
canoe la. longitud LI, la distancia Li - LO determirard el alargamiento experimen
tado hasta ese momento, y la energfa consumida en el cambio de forma serl la co-
rrespondiente a la superficie del diagrama hasta la lflhea BC~.

Si produjeramos el estiramiento del cilindro de longitud LO hasta el valor
Ll de otro rnodo, y tambidn sin trabajo redundante, la energfa absorbida serl'a la
misma que. la anterior, de acuerdo a lo ya expresado. El valor de esta energfIa
puede ser calculado con bastante exactitud si se la asimilla a la superficie del rec -
t~ngulo OA BC (* *).

Dicha superficie W es iguai a:

W =Pm (1,4- LO)

()Mediante ensayos de traccidn en un medio bajo presi6n Mdrostgtica puede ser
evitada la estricei~5n. Tambidn es posible imaginar un ensayo disc ontinuo en
el que la probeta se vaya tomando cada vez en la zona estriccionada, para lo-
grar una deforniaci6n prdcticamente uniforme.

(~)Si se requiriese mayor exactitud, dicha superficie puode ser afectada de un
coeficiente que resultarl siempre muy pruximo a la unidad, debido al gran va
lor de la deformacifn de rotura al elimin arse la estricci6n.
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dunde Pm es la carga m~xinia alcanzada en el ensayo. Como, por definicifn, la
resistencia a la tracci6n de un material es igual a la carga mdtxima sobre la sec
ci~n inicial, el valor de W puede expresarse asf:

W = 4 0 A 0 (L - LO) (2)

donde aY 0 es la resistencia a la traccifn del material "antes do ser sometido al

estiramientolt.

Si quisieramos conocer el valor de la energra requerida para pruducir el
cambio de la forma del cilindro desde A0 Lo hasta A, LI (sin frotamientos ni otros
trabajos redundantes), prun proceso teodi tal cooel de estirado en hile-
ras, bastarlh, pues, conocer el valor de la resistencia a la tracci6n del material y
los cambios de forma experirnentados en el proceso. Esto permite cncarar el pro
b~hema en forma m~s simple que la utilizada corrientemente.

CALCULO DE LA FUERZA TEORICA EN EL PROCESO DE ESTIRADQ

En el proceso de estirado en hileras interesa, m~s que la potencia, la fuer
za que es necesario aplicar para producir el estiramiento.

Es posible, de acuerdo con 10 anterior, calcular fAcilmente (siempre pres-
cindiendo de los frotamientos) el valor de esa fuerza que llamareznosPo.

Teniendo en cuenta que la energfa W serd igual a P0 LI, podemos reem-
plazar en (2) y, realizando a~gunas transformaciones matemdticas basadas en la
igualdad (1), Ilegar a la sencilla exqpresi6n:

P0 = cr0 (A - A,) (3)

En el punto Verificaciones Experimentales se mericiona una v.erificaci~n

experimental indirecta de esta f6rmula.

LA FRICCION EN E L PROCESO DE ESTIRAD()

Las f~rmulas actualmente en uso para calcular ci valor do P0 en el esti-
rado en hileras, dan valores que en general no difieren mucho de los correspon-
dientes a la f~rmula (3), tratdndose do roducciones corrientemente empleadas en
la prdctica.
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Admitida una f6rmula cualquiera para el valor P0 es posible calcular el va
bor P de la fuerza total (incluftios los frotamientos), si se adopt-a un valor determi
;i.ido para el coeficiente de friccifny. . Asf, utilizando la fdrmula (3), dicho va-

lrresuita:
P= 0 (A - A,) (1 +,g ctg CX. (4)

doride CL es ci scmidngulo do. la hilera.

La gran canitdad de experiencias realizadas para verificar Las f6rrnulas de
c,'ilulo de P Ilevan necesariamente a la conciusidn de que, independientemente de
los errores que puedan existir en la determinacidn de P0 , la influencia. de la fi'ic-
ci6n en el proceso no puede ser la quc establece la teorfa cldsic-a de la fricci6n, ya
que las discrepancias encontradas entre la teorih y la prdctica no :Q-ueden explicar-
se simplemente en funcidn del error que pueda existir en ei c~lculo de P0 . Todo
sucede como si ei valor~k variase grandemente en funcift de la geometrftL de ]a hi
lera, y no solamente de la rugosidad de las paredos de la misnia y la influencia del
lubricante.

Sc ha intentado dar al fendmeno de friccifn, interpretaciones distintas a la
cl~sica, cor el fin de lograr una mejor concordancia con 'Los valores experimncnta-
les, y en general se acepta que la teor1ta cldsica de fricci6n z~o puede aplicarse sin
cerrecciones al proceso de estirado en hileras.

Veiler y Lihtman (3) encaran el problema asimilando ei coeficiente do fric-
cidn a una tensi6n de corte. Ello parece aplicable en los casos en quo so utilizan
lubricantes sdlidos, pero inadecuado en otros casos.

La teor1h que aquf se presonta, establece que la fricci6n absorbe cnergfti.
solamente en funci6n del trabajo redundante asociado al fen6meno, y que ese traba
Jo redundante depende de los cambios de forma que experimenta al material como
consecuencia. de la rugosidad de las superficies contra las cuales se produce el fe
n6meno de fricci6n.

Lo explicado en relaci6n a la fig. 2 aclara esta interpretacifn del fen~ine-
no de friccidn. Se supone que si la hilera tuviera una, rugosidad cero, (iniposible de
alcanzar), ci valor de P en la ??trefilaci6n?? serfa igual a P0 . La rugosidad de las
paredes introduce un trabajo redundante quae th.,penderd del grado do rugosidad de
la suporficie y de la efectividad del lubricante.

La accifn del lubricante debe entenderse del modo siguiente: no existien-
do Lubricante, la barra al atravesar la hilera llcnard fntegramente todas las rugo
sidades de 6sta produciendo aumentos y disminuciones de secci6n (a las que se
asocia ci trabajo redundant-c); existiendo lubricant-c, dste se alojard parcialmen
te en las rugosidades, e impedirl ci "Lllcnado" total de las mismas por cl metals,
por lo cual ci trabajo redundante disminuird. El lubricante no puede esca-par, a
pesar do las grandes presiones ejercidas sobre 61, debido al ttselladott que orig
na ci metal en Los hordes de las depresiones (8).
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En el caso de luhricantes s6lidos la acc-i6n es enqt!!Vdoflte, pio fl ri etgi
adicional es requerida para vencer ]as tensiones do corte del material que sirve de
lubricante. En este caso P puede disminuir per sew mds efectivo el "llcnrdo dto
las rugosidades de la hilera, peor auimentar per el esfuerzo requerido ell Ia defor-
maci6n tangencial del lubricante.

CALCULO DEL *SFUERZO PARLA VENCER LA FRICCION

A -,eptado el criterio anterior respecto al fen6meno dc fricei6n durante ('I
estirado de alambre en hilcras, es posible calcular el valor dcle incremento de es
fuerzo requerido en el proceso, considerando quo esto incremento de cefuerzo
c~orresponde a un trabal' o redundante necesario para "I lonar" las rugosidades y
volver el material a las dimensiones que tendrfti si la hilera cotuviera exenta total
mente de rugosidad.

A los fines de fijar conceptos, supongames que fuese posihie hacer quo la
hilera, en un momento determinado del procese, elimine todas sus rugosidades,
adquiriendo una, superficie te6ricamente lisa. Para iell deberfamos suponer una
hilera hipotdtica con segmentos deslizantes sobre los quo fuerzas F1 F2, etc. ,
permitieran a voluntad crear o climinar rugosidades (ver fig. 2). Partiendo do un
estado dado de rugosidad, el tronco de cone alojado en la hilera hahrA rocibido Lin
trabajo redundante T necesario para Ilenar las ruigosidades; ahnra bion, si incro.-
inentamos luego ]as fucrza9s F1 , F2, etc., hiasta estabiecer el perfil tc6rico do Ia
hilera, dichas fuerzas realizardn un trabajo quo con gran aproximaci~n podemos
suponer igual a T.

El trabajo redtinranto asociado al material alojado on el tronco do cono so
11, pue s, i gu al a I Ty depende rA do la profundidad media de las dopresi one s ii -
cialmente existontes en la hilera.

Este trabajo adicional se realiza en la prActica incrementando ci valor (IC

la fuerza terica con un valor AP que se admite como constanto duranto todo 0.1

proceso. Se tendrAt entonces:

2T=d. P

j ~donde(d sorAt In dislancia recorrida porALP para ejecutar ci trabajo 2T asociado al
material contenido en ci tronco do cono do la hilera.

El valor d serd1 Ja longitud corrospondiente a tin cilindro do secci6n A1 Y
volumen ye igtial at del tronco de con() de ]a hilera, es decir:

1e
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dA' -- df rI - S St4

2=AP V,
Al

o sea:*

AP7 2TA1 (5

Vc

TRABAJO REDUNDANTE ADICIONAL EN EL ESTJRADO DE ALAMBRES

Aparte del trabajo redundante asociado, a la fr cci6n, existe, durante el es
Ui rado do alambres, otro, trabajo rodundante debido a un abultamiento del material
rque so produce a la entrada do la matriz, tal como lo indica la fig. 4.

Este trabajo puede Ilegar a ser muy imnortante y en algunos casos superar
el correspondiente a la fricci6n.

Si bien los factores quo afectan a uno y otro tipo de trabajo redundante son
,distintos, la, rugosidad de Las paredes de la hilera afecta a ambos por lo, quo, con
el fin de desarrollar una f6rmula de f~cil aplicaci6n, so hard una hip~tesis simpl~i
ficativa quo permita analizar en conjunto ambos trabajos redundantes.

Si ilamamos T' al trabajo redundante necesario para que el volumen Vc su-
fra el proceso de abultarse antes do entrar a la hilera y tenemos en cuenta, que ha-
ce falta otro trabajo igual para eliminar dicho abultamiento, el trabajo redundante
total (inclufdo el do fricci6n ) serl 2T + 2T' y la f6rmula (5) se transformarI'a en:

2 (T +TI) Al 6

CA LCU LO DE LESFIJER ZO DE BIDO AL TRA BAJO REDU NDANTE

El valor T + TI de la f (rmula (6) puede calcu larse, y hallar asr'el valorA. p,
con Las siguientes consideraciones simplificativas:
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1. El trabajo redundante nue-de asixnil~arse a' inesvrio para incrementar en
una cantidad e los radios de las secciones transversales del material con-
tenido en tin momento determinado del proceso en el tronco de cono te6ri-
co de la hilera, y para volver despues los radios a sus medidas iniciales.

2. El tronco do cono de la hilera puede ser asimilado a un cilindro del (lidmo
tro igual al didmetro medio de aquel.

:3. El trabajo redundante total pudxe considerarso aplicado intcrmiLentemente
a voidmenes iguales a Vc.

El valor e, que debe adoptarse en el cdlculo, serd1 mucho mayor quo la ru
gosidad media de la hilera, pues, por una parte, el abultamiento a la entrada do
la hilera es de un Orden muy superior a dicha, rugosidad media, y por otra la ac-
ci6n del abultamiento y de la rugosidad se manifiesta en forma progresiva, y nO
intermitonte. El cardcter progresivo del proceso hace sufrir a cada volumen ole
mental V, una serie de variaciones de secci6n motivadas por las rugosidades, con
trariamente a lo quo sucede en el supuesto movimiento intermitente.

Con las considoraciones anteriores pasamos a determinar el valor T + TI.

Este trabajo redundante serd considerado igual al nocosario para quo ei
material contenido en el tronco de cono de dimensiones te-6ricas tome la6 dimen
siones de otro tronco de cono do Jiguhil volume;, pero con los radios do sus sec-
clones tiansversales incrementados en la magnitud, o bien, lo que so suponec equi
Valente para que el proceso so realice en sentido inverso (*).

Considorando cilindros de igual volumen y altura que los troncos de cono
niencionados,, con sec'-iones transversales Am y Alm (segan correspondan al tron
co do cono primitivo c al incremento), las Areas de estas secciones corrosponde-
rdn respectivamente a las Areas de las secciones medias de ambos tr(oncos de co
no.

Si ilarnamos respectivainente h y hl a las alturas de los cilindros conside-

rados tendremos, debido a la constanria del volunmen aceptuda:

Vc = hl Alm = hi Am (7)

De acuerdo a la f6rmula (2) el trabajo necesarlo para pasar de un cilindro

()Las hip6tesis simplificatiVas adoptadas aquf, equivalen a suponer quo el traba
jo redundante, requerido en el proceso de estirado, es igual al trabajo necos-a
rio para el cambio de forma dc un cilindro do radio Rm+e a otro do radio Rm,
siendo Rm ci radio medio de la hilera y e una dirnensi6n relacionada con la
profundidad do las rugosidades y con el valor del abultamien to. En etstc caso
el r-roceso serfa coj irnuo y no intermitente. Esto da otro rndtodo de deduccifn
de la f6rmula (9).
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de seccifn A'm v longitud h' a otro do sec'ci6n menor Amn N longitud mayor h sc.."I
Igual a:

W =co) A'm (h - h')

Este trabajo se!-,t. igual a la mitad del trahajo redundante asociado a! tron-
Vo do cono de ]a hilera o Sca:

T - aOA'm (h -h')

Teniendo en cuonta ,,conistancia del v'olurncn ye ('sta f~rmula J)uede cscni
birse como:

T , Tr'= oJ (A'm -Am) . h

Reemplazando el val or do h dcducido de ]a f6rmula (7 ) v H~amandc C I] 17-ca
dL ]a corona circular determinada por Alm - Am se tendrd:

T -T' C)~
Am

Siendo c el espesor do la co.,ona circular de drea C, el valor deC cste Area
icsu Ita conl gran aproximaci6n:

C Dm. v

De donde: T 'Dm eUC Ve(8

Am

Reemplazando este valor dIe T -- T' en f6rmula (6) resultat

P ,2 Dm aok e Al

Am

Por transf ormaci ones matem.1ticas se Jiega a:

P=4,,[2 g.

qIue ccrx mran aproximacifn puede (-scrihirse;

Oro A,1
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CONSWDERACICN -9ACED, fA DEL' FACTOR e

El factor e de la f6rmula, (9) desenmpeia. un papel similar a] qutc, en las f6r

mudas basadas en la teorra cl~sica de la fricei~n desempefia el coeficiente de frio-
c i~n.

La dimensi~n de e e-3, sin embargo, el, de una, longitud, por lo quo -,u valor
depernde del, sistema. de unidades lineales adoptado, a diferencia del valor J". (quO Cs
adimensional.

El valor e depende, a la, vez, de la. profundidad de las rugosidades de hilera,
y do ]a maguitud lineal del abultarniento que se produce en el material a ]a ent i'ada

de una hilera. Ambos factores influyen en forma independiente on la, determinaci~n
del trabajo redundante y ello introducirMa un motivo de errtica a la formulA- (9).

Esto no obstante, la influencia. do ambos factores puede ser repres-flUi(Ja

hpor el coeficiente e de la, f~rmula, (9 si suponemos que dicho valor es igual a ]a su
ma, de dos tdrminos: el correspondiente a la, rugosidad y ell correspondiento al
abultamiento.

Para la. determinaci~n del valor de estos terminos partimos de la hip~tesis
de q ie ambos varfan proporcionalmente con el incremento de la rugosidad de la hi
lera, y que sola-nente el segundo tdrmino crece prop orcionalmo nte con el aumento
de las dimensiones lineales del tronco de cono de la, hilera.

Por otra. parte se supone quo los restantes factores que intervieneti en ]a
magnitud del trabajo redundante influyen en forma equivalente en amhos tdrminos,
o cuando lo hacen en forma opuesta so autocompensan en !as condiciones normal-
mente encontradas en la pr~ctica.

En base a las experiencias analizadas en este trabajo, ha sido posibie es-
tablecer que las suposiciones arriba mencionadas son correctas y quo.e so puede
asignar el siguiente valor para, e:

e -el +ell = el+el(VA -0 +A,)

donde sA 0 + A, representa la influencia del aumento de dimensiones lincaics del
tr-onco de cono de la hilera en el t~rmino ell.

Con esta consideraci~n podemos modificar la f~rmula (9) de la, tiguiente
manera:

fAO + Al

Para simplificar esta, f~rmula, Iliamaremos f al producto 10 c' al que derm.
miniaiemos 'tcuoficiente de Lrabajo redundante'T .
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De acuerdo con esto, la f6rmula anterior pu' de expresarse:

NUEVA FORMULA PARA EL CALCULO DE LA. FUERZA DE ESTIRADO EN
HILERAS

Sumando los esfuerz-os correspondientes al cambio de forma y al trabajo
redtUndante, se ilega a la f6rmula siguiente para. el cdlculo de la fuerza P requeri
da en los procesos de estirado:

P =PO+ A P= ; o 0 (A - A,) + a Al + +1)f (11)

La diferencia. fundamental de esta f drmula con otras utilizadas cs la Dre-
sencia, del valor correspondiente a la resistencia de tracci~n O* ot y la ausencia
del valor del gngulo de la hilera. El valor de P resulta asf dependiendo de una
caracterfstica muy conocida del material: su resistencia a la traccift y del gra
do de reducci6n que se quiere aplicar en el proceso, ademds de un coeficiente cu
ya determinacidn experimental resuilta sencilla para condiciones dadas de rugosi
dad de las paredes de la hillera y para caracterrsticas conocidas del lubricante.
Las variaciones de este factor, para diferentes condiciones de trabajo y diferen-
tes materiales, se analiza en el punto Interpretaci6n de los Resultados.

Dado quo el esfuerzo requerido en el proceso depende de la resistencia a la
traccidn antes del estirado, so puede aplicar esta misma fdrmula a procesos reali
zados a distintas temperaturas y velocidades de deformaci6n, S61o serdt necesario
determinar en cada caso el valor de a,, del material a la. temperatura y velocidad
de deformaci~n del proceso.

En las f6rmulas eld.sicas las caracterrstic~as del material figuran con un
coeficiente relacionado con la resis.~.encia del material en los estados inicial y fi-
nal del inismo. Debido a que la resistencia despuds del proceso puede variar mu
cho, dicho coeficiente no puede adoptarse como congtante, aunque muchas veces
se ;o tome asf. *El valor inicial de la resistencia a la traccifn es, por el contra-
rio, sicmpre constante para un material dado, en igualdad de condiciones.
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INFLUENCLA DEL ANGULO DE LA HILERA

Para una misma reducci6n de Area, todas las f6rmulas hasta ahc'ra utiliza
das expresan el valor de la fuerza de estirado en funci6n de la magnitud del semi-
dnguloOL del coflo d-e la hilera.

Esa funci6n no aparecee expresada en la f6rmula (11); ello pod rra haver
pensar que las hip6tesis simplificativas quo llevaron a la deduccifn de dicha for-
mula, no son aceptables.

Se ostima sin embargo que ]a influencia del Angulo a.. sohre los cooficien-
tes relacionados con el abultamionto y ]a rugos-idad son de carzicter opuesto y so
autocornpernsan an la mayor parte de los casos encontrados en la prdctica.

Las experiencias que se analizan m~s adelante, y que son interprctadas onl
el punt() Interpretacifn de los Resultados, permiten establecor que lanicond
autocompensaci6n es satisfactoria en la gran mayorM. de los casos cstudiados.

La figura 5, transcripta de un Lrabajo de Wistreich 0 ), y a la que se ha
ag-regado la curva representativa do la f6rmula (11), muestra que si so trazaron
curvas correspondientes a los diversos angulos utilizados, ellas se entrecruza-
Aflan, y que las diferencias ontre los valores de Wistreich y los obtenidos con la
f6rinula (11) est~fn, en general, dentro de lo que podria. donsiderarse errores cx
peni mentalos.

V ERIFICACIONES EXPERIMENTALES

En el trabajo de S. Ya. Veler y V. I. Likhtman (3) figura una experiencia
quo, roalizada con otra finalidad, representa una veriflcaci6n experimental do la

f6rmula (3).

Modiante ensayos hechos en una hilera formada por rodillos libres de gi-
rar pudo determinarse el valor del c.sfuerzo de estirado sin fricci6n. Dichos aui
tores trataron do encontrar una. expresifn para ese osfuerzo, COn el fin do po-dcr
calcular el valor del esfuerzo corrcspondiente a la fricci6n y establecer una tcorwi~
sobre el mismo. Basdndose en una f6rmula primitiva de Sachs ' que establcce qtuc
el valor de P0 es igual a una cierta tensi6n vinculada con las caracterrsticas dcl
material, multiplicada por (A0 - A,), clios encontraron, exporimentando con va-
rios materialcs en disti~ntas condiciones, quo dicha tensifn coincidta muy e:<ac-ta-
mente con la resistencia a ]a tracci6n del material. por lo quo adoptaron para Ci
esfuerzo do estirado sin friccifln ]a expresi~n do naestra f6rmula (3).
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Admitido corno exacto el valor de Po, se analiza -en la,- Tahlas I a DX- una
scrie de experiencias ajenas, complementadas con experiencias; 1ropias (Tabla D),
dcstinadas a determinar el. grado de exactitud do la f6rmula (11 ).

El andlisis realizado so rcfleja en las tablas mencionadas, en his cuales so
ha deterniinado los valores te6ricos de la fuerza de estirado y so los ha comparado
con los valores experimentales.

La diferencia entre esos valores, expresada, en porcentajcs, figura en di-
chas tahlas, Como 'a >L.

En las mencionadas tablas se han utilizado, ademd1s de los srmbolos ya. de
finidos, los siguientes:

f P =Promedio del coeficiente de trabajo redundante.

Apt = Fuerza. debida al trabajo redundante calculada. on base a fp.

A =Diferencia en kg entre la. fuerza total te6rica y ]a expcrimental.

r % = Reducci6n de dtrea, en por ciento.

Se ha puesto quo, en cada. experiencla, las condicionos do rugosidad de la
hilera, y la efectividad de la. lubricaci6n han sido iguales y definifias por el valor
de'P. cxc epto para. las oxperiencias de la. Tabla VII, en las que so han utilizado
dos tipos distintos de lubricantes.

INITERPRETACION DE LOS RESULTADOS

Los valoros de fp varfan en las distintas experiencias entro 0, 04 y 0, 25.

Esta diferencia se considera. perfectamentiý justificada si se tiene en cuen-
ta quo, como se puede ver en la Tabta. VIEI, el simple c~invbio de lubricante, sin
modificar ningdn otro factor, hace variar la. fuerza de estirado en un 20%, y que
ello repro senta una variaci6n para. entre 0, 04 y 0, 09.

El valor f. 0,Of25 do las experiencias que figuran en la Tabla V correspon
de a cnsayos hochios con in lubricante inadecuado para. los procesos do estirado, y
que se emple6 en ese caso por necesitarse un lubricante que pudiera ser aplicado
a jwresi6n, con el.fin de v'erificar la influoncia. de dsta. on el valor del esfucrzo do
est~i Ia(o.

Cuarnlo los valores de A % do las tablas son menores del 10% se conside-
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ra quo. los mismos ('stAn dentro del grado de exflct itud con quo pueden realizafrse
los experi'mentos. De los cuatr() casos, sobre tin to~tal de 48, en los quo el error
resuilta superior al 1 01i, solamente uno, el correspondie.nte al onsay' 15 de ]a
Tahla 1, pareco estar apreciablemento influenciado por la ('xactitud de la f6rmula
(11 '1. Esta, comeo consecuencia de ha her supuiesto nula la influencia (101 Ingulo (1e
Inl hilora, parecerra quo tionde a da r valores hajos para condiciones de reducci~n
pc-quei.,ia y A1ngulo grainde, ('om() los correspondientcs a ese. ensavo.

Es do hacer n#otar, sin emihmrgo, que el error cluo se obtiene en ese caso
con l a f6trmula (mi), ý37, 50/% 1es sensihiemonte inferior al quo obtiene Whitton (627r,)
pai'a el mismo case1 a Iposar do haher utilizado Oste las f6rmulas chisicas corro -
gidas con tin tO-rmino adicional, completamente c-mpri'ic) (dexucido precisameneto en
base a las experiencias (de Wistreich.

Difrcilmente sv dan en la prlctica de estirado( en hileras condiciones do
Angulu v reducei6n de A1rea comeo Ins corresponolientes al ensavo 1 5 de la Tahia I.

En 1ns otros tres (is('s, en (Oe' 01 error rcstiltint du aplie r' la f6rniu I
illI excede de) 10%7(, Iis diferenciais sonl mucho menores que cn. el ci so aIntorior.
y olichais diferencias sf' Ipued(,n considerar afectadis tundamentAlmente p'ir* fate-
rus experimenta los. El puqejttlo dii l('tr1o de los alamh i-cs urmpluadts en dichos
caes.s hace que la influenciti do los factores expori mentali's pueda incidir notable-
mentc en los restiltaolos.

CONCLUSIONES

La. f6rmula (l11,, deducidi po* tin procodimiento comjpletamente distinte (de
los usuales, per aite ('aletular con gran exa('titud 0i valor de la fuerza requerida en
105 pr1oce~sos de estirado en hilomas.

La cloterminaci6n del valor de f, pa rt un tipo dad() do luhricante v caracte -
rirsticas tambien dadas do rugosidad superficial N. geomcetrit do ]a hilera puede ha-
corse simplementeo n una. m*,iquina do ensayos de traccifn, quo es comno so realiza.
ron los ensayos de la Tabla IX.

Medianto ensayos do este tipo puoden compararse cuantitativamoente los re
sultados obteniidos al. introducir, en los procesos de estirado, xmodifivaoAinens m'ola

cionadas conl cl tipo do lubricante emploado, forma do ]a hilera y acabado superfi-

Para aplicaciones prilcticas con los lubricantcs c hileras utilizados corrien
temonte, puedo adoptarse con gran aproximaci6n ci valor 0. 1 mm ptam el factor f
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Figura 1 Trabajo Redundante en la Def orxnacidn Plgstica

Figura 2 Trabajo Redundante en la Friccidai

Figura 3 Diagramas do TraccidD con y sin Estriccidn
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FigurA 4 Trabajo Redundante por Abultataiento
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TABLA I

bIVlliNl f. t. WhaIt&(l0. -- L otIIt ri bt* Sajoteeme - k"eIc,cls a 6* frectlim O*, = 33 ltI"t. - Lwklaitn .eNurath At "die. -
1lllcrao store It Lertsleatse.

A* A, A,-At ft 1.., AP p r A I, F1 , & & % a r %

an$ Sma iNR i iS ig i s leu.. so is Ir

1 9.20 6.06 4.14 136.6 135.0 18.5 210 0.088 0.09 18.9 4. 0.6 + 0.4 2,29 45

2 8,03 a 2.97 98.1 120.0 21.9 213 0,103 v 19.2 2,7 - 2,2 a 37

3 7,26 a 2.20 73,0 94.5 21,5 214 0.100 x 19.3 - 2.2 - 2,6 • 30

4 6.35 a 1.29 42.6 63.8 21.2 215 0,098 a 19,4 - 1.8 - 2.9 * 20

6 6,02 a 0,56 18.6 30,0 17,5 217 0,080 0 19,5 +- 2,0 + 5,5 * 10

6 9.20 • 4.14 138.5 146.0 9.5 210 0.045 a 18,9 ± 9.4 + 6.4 8.00 45

7 8.03 9 2,97 98.1 107.0 8.9 213 0.042 a 19,2 + 10.3 + 9.8 v 37

8 7,26 • 2,20 73,0 88.0 15,0 214 0,070 a 10.3 t" 4,3 +$- 4.9 S 30

9 6.35 a 1,29 42.6 84.1 21.5 215 0,100 x 19.4 - 2.1 - 3.3 a 20

10 5.62 a 0,56 18.5 41.5 23.0 217 -11.05 v 19.. -- 3,5 - 8A4 a 10

11 9.?0 a 4.14 136.5 148.0 10,0 210 0,048 A 18.j 4- 9.4 + 6.4 15.50 45

12 8,03 • 2.97 98.1 113.0 14.9 213 0.070 v 19.2 I 4.3 +- 3.8 a 37

13 7,26 • 2,20 73,0 94.0 21.0 214 0.098 a 19.3 - 1,7 - 1.8 a 30

14 6.35 .1,29 42,6 75,0 33.0 215 0.153 a 19,4 - 13.0 - 17,3 20

15 5,62 • 0,56 18.5 60,8 42,3 217 0,190 z 19,5 - 22,8 - 37,5 a 10

IABLA II

R1e¢aeat Fr-pch aaJ Ti'ompl..9 (TomatJ It P. W. Wkhtem(')).- Mater'Al ,o,,e recoctle - Rcassccuaa 1a 6 c aJPea La oa =31 N=3 /"m.--

~librlcaaie, jiLki. -- IliI~fA*Icarlwfro Jo iJ wegm6 eSterimaJ.

A A, A..-A, P. P.. P~ f f 1p e Ft aI '

-,r - -- - -! - _____ °°- -7 - ° -- -14
1 2,60 LP 0.91 28,2 1.,7 3.6 7l 0.05 0,064 4.9 o05 1- 1,6 12 34.9

2 a a a a) 31.7 3,5 a 0.05 a a +, -j1.6 10 l
3 a a 31.7 ,?-.5 a 0.05 ' " 0,5 1- 1,6 •a

4 a a a 31.4 3,2 ,, 0.04 +1 0,8 + 2.6 ' 3

5 a a a 38.0 9.6 0.13 - a -4.9 - 129 a

TABLA I!1

Rcul c re* cim irans haxJ ltopnpsu) (T•,atle J¢ P. W. Whiu,,..(r).-Matltr;ih IJ1a* 70230 r"citia--tsilsicacLi a I& fracica aJortala. o11= hg/m
Luhrimcainl jahi. - llierat cirhlre d lJaopgstme thtraJil.o

SA, ,-A, P. . AP0 A I a

--t - x - s &S__ t. -i

1 2,6 2,08 0,52 16,2 22,5 6,3 110 0.06 0,06 6,3 0 0 12 20

2 N a 22.5 6,3 I 0.06 a a 0 0 10 l
3 a a a 22,2 60 • 0.05 . a 4-0,3 1,4 8

4 a a a a 22.2 6,0 a ('.05 1 0,3 [-1.4 6 l
5 N a a a 23.8 7.6 a 0.07 a a -1,3 -5,0 4

T A 8 LA 1~

Rdmnulaa firoa. aJ Thempolu(') (Toeamao It P. W. Wkhitu(')). - Matcriaht Wiinm 6j:35 -- Rtiviac a I& trawiiE at•piata, j.j LA/. .'.t-

taIr;IC.ii, OWN,. - lui0cral urA.ro & lwopicte S;tcriwo.! I I , 1"
A* A, A,- Ai r. P..' AP P I %

2,10 1,534 0,568 19,8 23.2 3.4 82,3 0,04 0,11 9,0 +5,6 +24.3 5,5 27,0

2 1,322 0,778 27,2 34,5 7,3 71,3 0,10 7.8 + 0.5 1-1.4 5.0 37,0
1,112 0,088 34.6 44.8 10,2 60.6 0.17 : 1 6.7 -3,5 -7.5 3.0 47,0

34 • 1,122 I0.978 34 .2 43 .1 8 .9 i 61.2 I 0.14 I • 6.7 -- 2.2 I- 5,1 I 4.4 I46.5

.1 2 0 35 43,3 I8,0 59.6 0,13 a 8,5 -1,6 - 3.5 6,1 48.0

6 , 1,184 0,914 32,0 38.518,5 6 64,7 1 0.10 71 +0. + 1, 11,01 43,5
-7,1



TAINI A w

2daoad. V.. oM. A. A. Ktooo ',O.MM,. aw.o . - It.4tlah a to ifaou., oa - 65 k,:.a. Lubl'kaato •mal s ase
- -Iubkau y kmnase.

A. Ae-A, PI P-11 P I2 %

1 201 
-.-

4 -0,36 23.4 85,0 41.8 162 0,26 0,25 40,6 -1,0 12 17,82 1.495 0,506 32.8 70.0 37.2 149 0,25 1 372 0,0 03 131 0.24 i i32,8 +1,3 -71-.70 351.0

TA8LA VI
Nslaucand RolRA N" y SulwmO . - Mato4i1 "o f*. par& raw ngs - Reuktiacda ! a Is fraoccUd;, too Io g'mt. .- Lu• rksoig, con.p o upa6d L -

llik.., carib,,o. olaegnuia.

kL A A.t A& - As t'o 
t%.. 

.%P P I I, &P
"t-' I "" "n --- -- , -/. -I .

so., not mmekkg k

1 13 11,78 j 1.22 122 364 242 1412 0.172 0,10 208 4-26 4 7,1 5.65 162 p 10,52 248 248 495 247 1272 0,194 m 242 - 5 -0.1 19
3 S 9X 3,65 365 620 255 1137 0,224 a 216 -- 39 -6,4 * 284 a 8,32 4,68 468 c37 199 1012 0,197 • 192 - 7 -0.1 r 385 a 7,28 5,72 1572 724 152 888 0.172 ,, 169 -+17 - 7,4 3, 44

p 4

TABLA Vii
Rtlacaif Yeller y l.&l..sl'i. - maici"•u, clCW - h6*sacicL, 4 [a Ifra<c€;, 'J, = 15 Lgisa%' - 6i;..mte N." to

AciJo okleg. -- 61or's"ic N.* s: olecim| A i Adlt Je "As.

o At A, At-A.-, , 0. .1 .. j

mais ma k g v*k/a u pA..

63.8 50.3 13,5 4E:! 639 177 1920 0.09 7.3 212 83,8 50,3 13,5 462 1141 79 1920 0.04 7,3 21

TABLA VII1I
olereamiti C. T. Y.ee("). - Materal almmssis - RlinheacM a Is tracc; aoptsLa O4 = to ibg/ll. - Loricaa, sliayaU• y actie dc mAJ9;,.

As A. 4,-A, P. F,. ~ '' Ji .
I -m s- et -' kg -1, agmm -- - - - I --g k ,:

1 28.682 25,70 1.12 11.2 43.9 - 32.7 292 0.112 0.105 30,7 -2.0 -4.6 10.1 4,0712 28.00 a 12.30 23.0 58,3 35.3 I 0,121 a --4 .6 -- 7.9 48.113 130.18 N 4.48 44.8 74,9 30.1 0.106,p p 1-0,.6 .08 x 14.0,4  31.85 6.95~ 5915 82.4 22.9 h 0,079 1-7.8 + 9.4 1 18,82

TABI. A IX
Reuciacis uzri;cocaa "inr iedw. b . mt wasqma ,;auicrul Jo euye. .d0 1. - mat:..ks In ie.Jo ,! Picd & [a tAI,. -- Laruat,

.Wa. oan.. - flurat &core & Lrramu.etat it 6m. - Aualo ueueoperlicis t3 mkro-"c&a

11.1 A A r %

1 284 241 43 1288 2000 712 525 7500 0,095 0,08 601 -111 - 5,5 4 0,162 283 * 42 2815 4150 1345 524 16720 0,080 a 1345 0,0 0,0 • p3 281 • 40 2555 3620 1085 522 15880i; 0,066 * 1280 -+215 -. .0

Malerial N.W It obre nv..•,leln--0. =:Un kg/m'.- -l,-1Intriw1it a In trnrrM 16s11 lel prrxn : .12 kg/mint.Muttrlal N.- 2: mcero leJ. ]minu cnrhin A-llraclo en frin - 3. =G7 kg/mrnn?.- lfrtlg -n I nt•l d I trnMl? .f4rpmiiA d.Il privtan•:f•.i•ltt i.Material N.' 2: act-ro piara hernmih-nlns "e-enlhlo-- . ll kg/= n it/n .-o-ltrXIxlIrln i, In Irn.rrlin d dllUai il prs-: 7. kg/n/ntll.
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REFINACION A FUEGO Y OTRAS SOLUCIONES PARA LOS PROBLEMAS
PRESENTADOS POR LA PRESENCIA DE IMPURE ZAS EN

(CýOSRE Y LATONES ALFA

Por i. j. Destailiats, E. Gerarduzzi, R. A. Morando*

En nuestro pafs, Las industrias de transformacifn de no-ferrosos, han su
frido durante los dltimos afios el efecto de una fuerte presi6n competitiva. Por
ello, para disminuir sus costos, han intensificado el uso de rezagos -muchas ye
ces en forma inadecuada- y esto ha trardo aparejados una serie de problemas de
rivados de la impurificaci6n de Los productos obtenidos. Al mismo tiempo, el
precio de los rezagos, sufri6 una fuerte alza en relacio'n a[ de los metales puros.

Asf', el correcto aprovechamiento de una materia prima como el "scrap"
de c-obre, resulta un problema econ6mico cuya soluci6n s6lo puede Ilegar por la
vfa t~cnica. Por eso algunas f~.bricas que no han seguido este camino se han en
contrado fuera de competencia, porpreclo o por calidad.

Tratando de contribuir a solucionar este problema, que es de inter~s para
el pars en la medida en que puede significar un ahorro de importaciones y mejora
de calidad, hemos trabajado sobre dos lfneas relacionadas entre sr:

1. La puesta a punto de una tdcnica de refinaci6n a fuego de cobre adaptada a
Las necesidades de fdbricas transformadoras de tarnafto medjo.

2. El estudio, con miras a su ,iplicqci6n industrial, de un m6todo para elimirlar
el "hot shortness" producido por el plomo, en cobre y latones.

A continuaci6n pasamos a describir ambas tdcnicas.

*Departamento de Metalurgia. Comisi6n Nacional de Energra At6mica.
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1.~ 'einac ion a Fuego de Cobre en una Instalaci6n Indus-

trial de Mediana Capacidad

De los dos caminos universalmente usados para la purificaci6n del cobre
-electr6lisis o refinaci6n a fuego- hemos elegido este ditimo por razones~econ6-
micas.

Si bien es cierto que la electr6lisis da directamente un producto de cali-
dad, su costo, unido al de Las dos fundiciones necesarias para Ilegar a La forma
final a partir de re'ýagos, la hacen antiecon6mica.

La refinaci6n a fuego da en una sola operaci~n el producto terminado y,
partiendo de scrap comdn, se p~lede obtener un producto cuya calidad resulta igual
a la del otro proceso.

Por otra parte, en la Argentina, el gran mercado del cobre se encuentra
en Buenos Aires, donde la energfa eldctrica es cara y ad~n escasa.

Las principales impurezas que se presentan en el scrap de cobre, cuya
fuente mds comdn son conductores eldctricos en desuso, son- Pb, Sn, Fe, Zn, Al,
S i, Ni.

De dstas, por sus efectos perjudiciaies en el trabajado en callente y por su
relativamente dlfrcll elimlnaci6n en la refinacidn plrometaldrgica, el Pb resulta
el elemento mAs indeseable. Su presencia, sin embargo es muy comdn, originada
en recubrimientos de cables, piezas estafiadas con Sn-Pb, y a veces en cables pro
tegidos con minio (Pb3O4) qve se reduce fAcilmente con materla orgAnica de re-
vestimlento.

El Sn resulta tamblen diffcil de eliminar en comparaclfn, por ejeniplo,
con el Fe, Zn, P o Al y produce aumento de endurecimiento por trabajado, y no-
table disminuci6n de la conductividad eldctrlca.

La manera en que las distintas impurezas afectan Las propiedades Mricas
del cobre es bien conocida (1) y la mayor o menor facilidad relativa con que Due-
den eliminarse por oxidaci6n estd directamente relacionada con las energras libres
de formaci6n de Los 6xidos respectivos (2)(Fig. 1).

Previamente a la puesta a punto del proceso de fqbrica se realizaron expe--
riencias en escala de planta piLoto en el Laboratorio de Metalurgia del SATI-CNEA.
En Las mismas se estudiO la introduccifn de variantes sobre el proceso eld.sico de
oxidaci6n-reducci6n con miras a adaptarlo a la escala y los medios disponibles en
industrias de mediano tamafio.
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Estas variantes son:

1. el uso de cloro como agente purificador;

2. Ia reducci6n con agentes gaseosos.

Describiremos su aplicaci~n m~s adelante al hablar del proceso industrial.

Ensayos en planta piloto

Se modific6 un horno del tipo volcador a crisol, de manera de poder utili-
zarlo como horno de "bateat? a fuego directo. En las figs. 3 y 4 se ye un esquema
del mismo. En la parte postero- inferior se lo provey6 de una tobera cuyo diseilo
se muestra en la fig. 5. La capacidad del horno asr modificado es de 50 kgs.

La fusifn dc la carga se produce en la posici6n de la fig. 3, o sea con La to
bera fuera del nivel dcl lfquido. Para hacer burbujear aire o los otros gases usa-
dos en el proceso, se comienza el pasaje de los mismos en esa posici6n y Luego se
baja el horno hasta Ilegar a la posici6n de la fig. 4.

En este, horno, se ensayaron Las etapas de, refinaci6n y tambi6n el comporta.
miento de los distintos refractarios. Se estudi6 la eLiminaci6n de impurezas usan
do scrap de distintos orrgenes y tambi~n agreg6.ndolas como ligas madres. Asr he
mos obtenido, a partir de una materia prima con un contenido de 97% de Cu mues-
tras quc responden a la especificaci6n ASTM pa4-a cobre tough pitch.

Toda la cxqeriencia recogida en el trabajo en escala piloto fud trasladada a
la puesta a punto en pianta de, un horno, de refinacifn serni-rotativo de 1500 kgs de
capacidad. En la fig. 6 se puede ver un esquema del horno usado. En la misma se
pueden apreciar Las 3 toberas agregadas, similares a la descripta antes.

La operaci6n consta de Las siguientes etapas que son Las cl~sicas y bien co-'
nocid as:

1. carga yfusi6n
2. oxidaci6n
3. escoriado
4. reducci.6n a tough pitch (o desoxidaci6n)
5. c o Ia,-Ia

Adem~.s hemos introducido optativamente, antes o despu~s de la reducci6n
segrun el producto final deseado, una etapa de purificaci6n por cloraci6n.
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Describiremos a continuaci6n somerai'ente cada uina de estca etapas, de-

tenidndonos sobre los detalles novedosos o de mayor interds.

Fusidn: Se conduce usando llama oxidante. Con esto se acorta bastante el
perrodo de oxidaci6n posterior, ya qua~ la incidencia directa de la llama
contra el material adn no fundido tiene un efecto r~pido. El combustible
usado es diesel oil, de bajo contenido de azufre. En realidad esto es im
portante s6lo despuds de la etapa de reduccifn, que es cuendo el material
puede absorber S.

Oxidaci6n: Se inyecta aire a presi6n con Las toberas en poslcl6n alta, y se Ki
ra el horno hasta obtener uin fuerte burbujeo en el cobre.
Este sistema tiene muchas ventajas sobre el mdtodo de burbujear aire por
medio de caflos de hierro. Ademds de resultar m~s cdmodo, ahorra el
consumo de caflos y elimina la posibilidad de contaminaci6n por Fe. Una
vez soluclonados algunos inconvenientes constructivos iniciales no han ha
bido problemas de obturaci6n de toberas.
El proceso es seguido en la forma habitual, o sea, sacando muestras y ob
servando las fracturas. El tiempo total en esta etapa es de alrededor de I.
hora, variando naturalmente con el tenor de impurezas presentes. Es ne
cesario Ilegar a 0, 6- 0, 7% de oxrgeno, valor con el1 cual pr~.cticamente se
tiene una buena elimixnaci6n de impurezas hacia la escoria.

Escoriado: Se usa arena seca para ayudar -a retirar la escoria. Eq tzuy impor
tante que no quede escoria en el horno ya que en la etapa de reducci6n pue-
den reincorporarse impurezas que contiene aquella.

Cloraci6n: Comparando los valores de Las energfas libres de formacifn de los
compuestos clorados de los elementos presentes como impurezas con la
del Cl 2CU2 (Fig. 2) se puede ver que la relaci6n entre CI2Pb y la del CI2Cu2
es mds favorable que las correspondientes a los 6xidos respectivos. De
aqur se puede inferir que la cloraci6n del bafto fundido podrra resultar un
mdtodo md.s eficiente para la eliminaci6n del plomo que la oxidaci6n. Exis
te al respecto una publicaci6n (3) en la cual el autor trabaja con valores
mds bien altos de elementos aleantes. Nosotros hemos aplicado el m~todo
-s6lo y en combinaci6n con la oxidaci6n- para la eliminaci6n de cantidades

mdximas de 0, 5% de Pb.

Ademd.s de la influencia de tos valores termodindmicos citados, es impor
tante hacer notar que el C12Pb tiene un peso especifico de 5,85. Esto hace que el
CI2 Pb que se forma, flote y sea fMcilmente eliminado del sistema, condicifn que



que no se dA. con Los 6xidos de Pb cuyo peso especifico osciLa entre 8, 5 y 9 y cuya
separaci6n es mds diffcil por esta raz6n. En efecto, para que Los 6xidos sean eli
minados es necesario que entren en contacto con La sflice de ]a escoria 0, si se
usa refractario Acido, de este wiltimo. Como el peso espectficc, es similar at del
Cu esta es una cuesti6n mecAnica que, generalmente debe ser resuelta por una agiL
taci6n mpIy efectiva.

En La pr~.ctica hemos comprobado que efectivamente, La reacci6n del Cl
con el Pb se verifica r~pidaxnente. En el gr~fico de La fig. 7 se puede ver La. dis
minuci6n del contenido de Pb en funci6n del tiempo en un ensayo de cloraci6n
realizado sobre una carga sin oxidar. El valor final a que se lleg6 result6 me-
nor que 0, 005%.

Consideramos sin embargo que to mds conveniente es emplear La clora-
ci6n como complemento de La oxidaci6n, y no realizar toda La refinaci6n a base
de cloro debido a varias razones:

1. al precio del Cl contra el del aire comprimido;

2. al clorar siempre se fornma CI2Cu Y CI2 Cu2. Como estas sales son inso-
lubles en el cobre fundido, pasan a La escoria forxniando una capa muy fluf
da y vold.til que ocasiona cierta p6rdida de Cu. En vcz, en el proceso de
oxidaci6n el 6xido cuproso que se forma se disuelve en el cobre y es recu.
peradc en La etapa de reducci6n;

3. el efecto de eliminaci6n de estaiio por cloraci6n (ver Fig. 7) es prg~ctica-
mente nubo y esto hace que de todas maneras sea necesario pasar por La
etapa de oxidaci6n cuando este elemento est6. presente;

4. dado que siempre existen problemas toxicol6gicos con el uso del cLoro, es
preferible reducir su empleo a Lo indispensable.

Cuando el producto final deseado es tough-pitch conviene hacer La cloraci6n
antes de reducir. La causa de, dsto es qiue el cloro puede niodifi-car el equilibrio
Cu-H-O que rige La cantidad de vapor de agua formado en el momento de Ia solidifi
caci6n y variar asf el nivel caracterrstico del lingote colado horizontalmente.

Por el contrario, si se quiere terminar con Cu desoxidado con P, no hay in
conveniente en clorar despu~s de, reducir, con Ia ventaja de eliminar de este moclo
las impurezas que pudieran reincorporarse a causa de un escoriado deficiente.

El problema del ataque de los materiales de construccifn por el cloro fue
solucionado usando, un tubo de cuarzo en lugar de, hierro en Ia tobera. Los meta-
les son violentarnente atacados por el cloro caliente y por lo tanto no pueden ser
usados.



Reducc16n

Es conocida universalmente la utilizaci6n de palos verdes para reducir el
contenido de oxrgeno hasta el Ifmite de 0, 03 a 0, 07% correspondiente al tough pitch.
Sin embargo, existe actualmente una tendencia a usar agentes qufmicos reducto-
res que permiten independiz arse de los palos verdes cuyo empleo es muchas ye-
ces engorroso y attn antiecon6mico.

Por otra parte, en un horno relativamente chico como el que usamos, re-
sulta muy difrcil el empleo de madera para la reducci6n debido a que mientras es
t~.n puestos los palos dentro del cobre no se puede encender el horno porque se
quema la parte de aquellos que emerge.

Debido a la baja relaci6n entre volumen y superficie con respecto a un hor
no grande, la inercia tdrmica es poca o sea, dicho en otras palabras, el horno se
enfrra demaslido rd.pidamente y no dA tiernpo a completar la operaci6n. Por el
contrario, inyectando u~n reductor gaseoso por las toberas, se puede mantener Cl1
mismo tiempo el horno encendido, y la temperatura. no cae. Ademis resulta mu-
cho, rns controlable la cantidad de material reductor que se inyecta, con lo que
se disminuye el peligro de 1"pasarse"l y tambidn es mis c6modo y linipio su em-
pleo.

En 1962, S. S. Cole y L. WV. Rowe describen la primera planta diseflada con
6xito sobre esta base (4). En eLla se emplea gas natural (metano) parcialmente
oxidado como agente reductor. Pr~.cticamente el gas usado resulta. una mezcla
de 00 y H12 como agentes activos, mis un cierto porcentaje de N2 . El gas natu-
ral no es usado en su estado original debido a su inactividad qurmica. Su oxida-
ci6n catairtica se realiza en una instalaci6n de funcionamiento contrnuo que es
descripta en el citado, trabajo.

Nosotros,.~ hemos usado una mezcla de alcohol metrlico con gas natural o
gas licuado, como vehfculo. El dispositivo para su inyecci6n es simple y puede
verse en la fig. 8. Su cibsto es suficientemente bajo y puede adaptarse facilmente
a una instalaci6n del tipo usado aquf. Su manejo es tambien relativamente senci-
hlo y sin peligros siempre que se tomen las precauciones elementales.

La operaci6n de reducci6n se comienza pasando gas solo y luego bajando
las toberas hasta la posici6n de burbujeo. Recidn entonces se abre la entrada de
metanol controlando su caudal con un rot6rnetro. Se sigue el proceso de la reduc
ci6n sacando muestras del mismo tipo que Las usadas para la oxidaci6n y adema's
botones que permiten observar el "set".

Hemos contrastado las probetas mediante una t~cnica r~.pida de metalogra
fra, empleando el procedimiento de pulido qufmico, pero la conclusifn es que el
mejor m~todo para decidir cu~ndo la operaci6n est6. terminada sigue siendo el del
ojo exqerto, usado en el cobre con 6xito desde hace unos 40 siglos.
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Pasamos ahora a la segunda parte de este tr-abajo. En la, misma. describi

remos los estudios hechos hasta e I momnento sobre los:

2. Efectos del Agregado de Uranio en Latones Alfa, conte-
niendo Pb

Es conocido el efecto del piorno en la p~rudida de ductilidad del cobre y lato
nes que son laminados en caliente. La misma es expl-cada por la insolubilidad del
plomo que a la temperatura de trabajado del material forma una fase lfquida la
cual provoca la p6rdida, de cohesi6n entre Los granos al ser sometidos a tens jones
mecdinicas.

En algunos casos este efecto puede ser climinado o disminurdo por adici6n
de ciertos elernentos. Los mr canismos por Los cuaies actrian estas condiciones no
son siompre Los mismos, y estt~m adn en discusi6n. Por ejemplo, pequeilas canti-
dades de bismuto como 0, 001% causan el mismo efecto que el plomo en cobre Lami
nado a temperaturas superiores a 270 cC. Pero a muy aLtas temperaturas de tra-
bajado, se tolera una mayor cantidad de, bismuto. Segdn (5) el agregado de, f6sforo
tiene un efecto beneficioso en estos mismos casos y algunos atribuyen estas varia-
ciones a un cambio en la, tensionL superficial bismuto-cobre.

Otro caso parecido, descr.,pto por Cottrell (6). es el de las adiciones de
bismuto a lattones conteniendo plorno. Segun este autor debido tamoidn a -.n cam-
bio de la tensi6n superficial entre el plomo-bismuto y el material base se mejora
la ductilidad en caliente.

R. Thomson 3- J. 0. Edwards (7) han trabainclu con uranio como elemento adi
cionante, agregado en proporciones variadas con respe'cto al plomo. Asf han con-
seguido eliminar el efecto do "hot shortness"' on latonca* alfa. Segrin estos autores
csto es explicado por la formaci6n de un compuesto inirormetdilico uranio-plomo
que tiene un punto de fusi6n m~s alto que la temperatura de trabajado.

Nuestro trabajo ha consistido en estudiar metalogr~.ficamente y en relaci6n
con su comportamiento mec6.nico, latones 70-3 0 con varios contenidos de plomo y
uranio. Esto fud hecho con la intencifn de ajclarar el mecaiiisrno por el cual se pro
duce el fen6meno y con miras a su posibie aplicaci6n industrial.

A continuaci6n describiremos brevemente el procedimiento seguido para la
obtenci6n de Las ale aciones ens ayadas.

La fundici6n se realiz6 en un horno Tainman, en crisol de grafito y bajo at
m6sfcra de arg6n. Se colocaron el iat6n y ci plomo juntos y se Ilevaron a una tern
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peratura de 1050 Q C; luego se introdujo el uranio en fforrna de ldminas delgadas,
envueltas en hor 's de cobre. Se mantuvo a 10509 C durante 20 minutos agitando
peri6dicamente y se coI6 en lingotera de hierro.

Los resultados obtenidos los podemos resumir de la siguiente manera:

1, Las muestras conteniendo hasta 0, 3% de plomo pudieron ser laminadas en
caliente sin dificultad, cuando se les agreg6 uranio en proporciones igua-
les y hasta triples del contenido de plomo (Fig. 11a, 11b). No asf con con-
tenidos menores de uranio que de plorno en cuyo caso se producen fisuras
eniJas primeras reducciones (Fig. 11c).

f 2. Cuando se trabaj6 cont 0, 5% de plomo no Mu posible evitar la p~rdida de
ductilidad, ni aan con agregados considerable mente mayorcs de uranio.
Tanipoco tuvo efecto alguno la variaci6n de otros factores corno ci aumen
to del tiempo de contacto con el metal lrquido.

Si bien la necesidad de una relaci6n minima uranio/plomo = 1 parece abo
nar la idea de la formaci6n de un intermetdlico, nosotros no hemos podido detcc
tar metaiogr~ficamente cl menor vestigio del mismo.

Por cl contrario, las tinicas fases que aparecen son las Cu5 U, de color cc
leste y ubicada interdendrinticamente y cl plomo, precipitado como placas de color
oscuro. La primera resulta id6ntica a la. obtenida en una muestra. cor, 3% de ura-
nio pero libre de plomo, como puede verse en las micrograffas de 11a fig, 9.

Ademds la distribuci6n relativa de las fases Cas5U Y Pb es la misnia en to
das las probetas (Fig. 10) de modo que no se explica por qad raz6n cl supuesto in-
termctglico dejarfa de formarse al aumentar el cortenido de plomo de 6, 3 a 0, 5%.

CONC LUSIONES

Aunque ci estudio realizado no nos permite adm enunciar una teorina funda-
mentada al respecto, ia ubicaci6n dc una fase Cu5U en los lfmites de grano nos ha
ce pensar que ci efecto puede ser debido al desplazamiento del plomo de esa posi-
ci6n o hien al cambio de las tensiones interfaciales por formacift de este compues
to. Ninguna de estas teorfas explica sin embargo porqu,6 con contenidos de 0 5%/0 de
plomo el fen6meno desaparece.

Creemos que este m6todo puede flegar a ser una t6cnica interesante pa--a
ser Utilizada industrialmente sobre todo comio complomento dc otras t6cnicas de
refinaci6n dc cobre con altos contenidos de impurczas. La principal dificultad
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que vemos para esta aplicaci6n es que debido a 'a gran reactividad del uranio se
producen p~rdidas importantes de este elemento cuando se lo agrega en un crisol
con material fundido al aire y por lo tanto serfan necesarias t~cnicas especiales
de fundici6n para su uso exitoso.

BIB LIOGRAFIA

(1) Butts, Copper, the metal, its alloys a±d compounds (1954) p. 410

(2) AFS New Technology, Oct. 1961, p.459.

(3) J. Muller W. Buchen Die Verwendung von gas fWrmigen Raffination-smitteln
bein Schmeltzen von Kupfer usw. Giesserei 27 August 1959.

(4) Trans.AIME, April 1962.
*

(5) Effect of Residual Elements on the Properties of Metals, F. N. Rhines, p. 63

(6) Metalurgia Ffsica, Cottrell, p. 142.

(7) Hot Workability of Alpha brasses - R. Thomson and J. 0. Edwards.



$31w

-AF -Air
bo\ 

I~I,
p.I.

im Sqtw

6* IVFg Ips

Refractarlo
de base grafitica

de

FIG. *5



-r - - - - --

a, = = - - - - -

motor* IkV



XIX-12

A~ k

14 1

F1g. 9: Cu U(3%) 800x

~, t

VIR

own-

Fig. 10 :Lat6n 70-20 - Pb 0,2%; U 0,9% 1000 x



XIX- 13

Fig. lla Laton 70-120. Pb 0,3%; U 0,9%

Fig. Ilb Lat6n 70-30. Pb 0, 3%; U 0, 3%

Fig. lic Lat6n 7 0-30. Pb0, 5%;U 1%
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ESTUDO SOMRE A DETERMINACAO DE A'LGUMAS CARACTERfSTICAS
RESIDUAIS DAS AREIAS DE MOLDAGEM

Quim. Victor Lo R6 M*

RESUMO - 0 presente trabatho visa estudar a possi.
bilidade de estabelecer urn m6todo de ensaio, que permita
a determinap-ao de algumas caracterfsticas residuais nas
areias de moldagem, ap6s seu contato corn o metal lfquido.
Estas determinaroes, efetuada.5 em corpos de prova padr~lo,
ajudam a esciarecer o comportamcnto da areia durante o
enchimento do molde. As caracterfsticas aprelentadas pelais
areias, depois de submetidas a agwa do metal lfquido, pode-
r'ao servir de orientaq9ao para urn meihor contr~ole das adi-
goes de aglomerantes e aditivos "t areias de moldagem. As
experie~ncias nos levaram a concluir que o mdtodo 6 sucep-
tfvel a modificar-es embora demonstrasse a exequibilidade
do processo. 0 mdtodo permite estabelecer algumas corre
laqoes corn resultados obtidos em outros tipos de ensaio.

1. INTRODUCAO

Os ensaios das areias de moldagern, 1a alta. temperatura, s'ao normalmen-

te efetuados em laborat6rio, corn o emprego do dilat~metro. Este consiste essen

*)Responsavel da Secq9ao de Areias e Materiais de Moldagem do Instituto de Pes
quisas Tecnol6gicas; Sio Paulo, SP.



cialinente de u'a mA~quina, de ensaio, a cornpressao a quente, onde o corpo de prova
e o dispositivo de transrniss'Zo de esfo~rgo ficam localizados em urn forno aquecido
el6tricamente. A c~mara do dilat~metro deve satisfazer ls seguintes condig9oes:
temperatura uniforme e reguldvel e capacidade tdrmica para restabelecer a tern-
peratura r-apidamente depois de calocado a c. p. (fig. 1).

Diversos trabaihos te~m sido apresentados, modiflcando a t6cnica de ensaio
a altas'4-rnperaturas, por6m, sempre utilizando o dilatometro como, instrumento de
medicia W . Cons istiu em exceggo urn trabaiho, apresentado por Woodliff, "Mold
surface behavior", stabre a medida da expanslao das areias, em que o corpro de pro
va de areia 6 envolvido pelo metal, e am medida 6 feita utilizando-se urn deflet:60-
metro ligado por uma haste de quartzo apoiado no c. p. que transmitirl as varia-
q~es da altura do c.p. (2). 0 ensaia, assim realizado nos parece mais interessante
comparado ao rn6todo do dilatarnetro, pois que estando a areia em contacto direto
corn o metal, traduz resultados mais pr6ximos do trabalho real na fundip'o. Dian
te destas observag'oes, pareceu interessante tentar desenvolver urn m6todo que
permitisse determinar algurnas caracterfsticas residuais das areias de moldagem,
ap6s terern sido submetidas A agao do metal lrquido.

Assim, foi. estudada inicialmente a possibilidade de se determinar a resis
te~ncia rnecgnica residual, a permeabilidade e a dureza superficial. 0 apareiha-
mento de medida consistiu em u'a mg.quina universal para ensaio de resiste~ncia
de areias de moldagem, urn perme'arnetro e urn medidor de dureza. tstes apare-
Ihos s~ao facilmente encontrados em laborat6rios de areia de fundig~o, a.o contrA.-
rio do dilat~metro que, pelo seu alto custo, somente pode ser adquirido por fundi
goes de grande porte. Os corpos de prova utilizados foram preparados a partir
de areia de cornposigaio conhecida, ein medida padr'ao, e de acordo corn r6todos
padronizados. Algumas caixas para conter as corpos de prova foram estudadas e
utilizadas no decorrer d'e"ste estudo. A maior dificuldade d'aste trabaiho, consistiu
no preparo de caixas adequadas para conter e submeter os corpas de prova ao
contacto corn o metal llquido, sem que as mesmos se danificassem ao serein re-
tirados para ensaio.

Diversas tentativas foram feft- 3, alterando-se a tipo de caixa, e evoluin-
do para urn sistema pr~tico que eventutalmente poderia vir a ser padronizado.

2. APA ELHANMNTQ E ENSAIO

Foram os seguintes as aparellios utilizados para a realizap9ao do ensaio:
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1. M~quina Universal H. Dietert, empregada Para a deterrninaýT6 de
resistkncia, em c. p. dmidos, secos ou estufados. Consiste essen-
cialmente em urn brago-motor e pe~ndulo que giram era t~rno, de
urn eixo montado em base pesada, coin suportes articulados Para
receber o c.p.

2. Permearnetro Thieter. Consiste em urn dep6sito cilrndrico corn
Igua, no qual flutua, disposto telescdpicamente, urn tambor, em
borcado em, 9gua de, modo a reter volume de ar superior a'2. 000cm3
sob press'a~o est~tica de 10 g/crn2, tubulag'o de cegrca de 5mm de
diametro, e pondo em comunicacao o ar corn a cuba, contendo mer
cgrio, onde 6 colocado, o c.p. man~ometro ligado a cuba de mercil-
rio corn adbaco espiralado onde 6 feita. a leitura, direta da. permeabi
lidade.

3. Escler'Ometro. Utilizado Para determinar a dureza superficial em
Ac.p. seCOS. Penetrador em forma de faca.

Os m6todos de, ensajo -, detallies de apareihamento s'a*o descritos nos rn6to
dos de ens ajo M-32 a M-46 do IPT (3). Os corpos de prova, foram preparados de
acordo, corn o rndtodo M-36 IPT, Lias dirnensoesd508m deatrpr508m
de dia.mettro.

3. COMPOSIQAO DAS ARE lAS ESTUDADAS

Os corpos de prova foram obtidos a partir de misturas dos seguintes ti-
pos de, areia preparados de acordo coin a tdcnica recomendada (4):

a) Areia estufada Para machos e inoldes;

b) Cornposirao modificada de a); e

C) A mesma composig'ao de a) corn adirao de serragem.

Nos casos b e c as rnodificag'oes deliberadamente introduzidas foram no
evA

sentido de, verificar comparativamente a diminulgao da resistencia residual e
z2onsequenternente a colapsibilidade. A areia a) 6 normalmente empregada Para
a fundigao de pegas de ferro fundido cornum, as areias tipo b) a c) s'lo utilizadas



para ferro fundido de alto silfcio (Dur- ron).

Co mpos igao a b c
Areia do mar (mod. 90-100) kg 100 100 100
Argila 4 4 4
Mogul 1,5 - 15
Dextrina -2 -

Oleo (oiticica) 2 1 2
Agua 5 5 5
Serragem

Carac torfsticas
C. p. dinidos

Umidade ()5 5 5
Permeabilidade (APS) 40 45 46
Resistencia a cornpres~do (kg/cm2) 2,8 3,5 2,1
Dureza 60 55 415
Deformap,-o ()3.0 3,5 3,0

C. i. s~'os -220) C -3h
?c-"* . ý-Žompressa'o (kg/cm2) 19 19 19

Permeabilidade (AFS) 60 60 65
Dureza (AFS) 100 95 80

4. ENSAIQ

Para a execup~o do ensajo. foram preparadas caixas de areja, nas. medi-
das de 355 x 455 x 100 mm, nas quais foramn montados os corpos de prova corn se
p.aradores, tainb~rn de areia. Os corpos de prova sAdo envolvidos por 1 cm de
(figs. 2-2a e 3).1

Procedido o vazamonto, ap~s a caixa fria: ~esmolda-se cuidadlosarnente,
rctirando-se os corpos do prova que esto envoh -idos pelo metal solidificado. Es-
ta opera~ao 6 facilitada pelos separadores de areia como poderd ser visto nas
figs. 2 e 3.

Este tipo de montagem, entre into, tern o inconveniente de obrigar ao va-
zamento individual de cada c.p. e ainda por setor isolado pelos separadores. Nao
fora s6 o inconveniente da morosidade do pro-cesso, acresce ainda que as condi-
goes de vazamento, podem se alterar para cada corpo de prova no que se refere a
teniperatura e velocidade de vazamevto,, dificultando a~ssin2 uma padrozuzapav do



ensalo. Este tipo de caixa podera eventualmente servir para serem. observadas
as reapoes metal--areia.

Re~ultados obtidos corn o 1 Q tipo de caixa (fig. 3):

Ia. S~rie - Areia tipo a:

Temperatura inicial
de vazamento

1300 90

Permeabilidade (AFS) 50 60 50 45 48 60 50
Resistencia 'a compress'Zo

(kg/cm2) 4,9 4,3 4p5 3,9 3,5 2,1
Dureza (AFS) 49 45 49 47 42 40 45

2 Q S~rie - Areja tipo a:
Temperatura inicial

de vazamento
12809 C

Permeabilidade (AFS) 67 65 62 55
Resistencia a compressao

(kg/cm2) 4,5 3,1 4,2 3,5 2,2
Dureza (AFS) 49 45 49 42 40

3a. S6rie - Areia tipo b:
Temperatura inicial

de vazarnento
12909 C

Permeabilidade (AFS) 63 65 45 50 45 30
Resistgncia 'a compress'ao

(k~g/cm2) 8,4 3,5 4,9 2,2 2,1 2,5
Dureza (APS) 50 52 49 49 45 40

No sentido de corrigir as deficigncias do processo anterior, vArias caixas
foram estudadas, evoluindo para a confec~ao de uma placa corn canal central de
alirnentag'ao, permitiLao desta, forina o vazamento simultaneo de seis c. p. , e re-
produzindo aproxirnadamente o trabaiho de urna areia em unia caixa de fundigao.
Inlcialrnente fol usado o mode~lo da fig. 4, modificado conforme pode ser vista, na
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fig. 5,. na parte referente aos canais, vlsando desta. forma a retirada mais flacil
dos c.p. Nbstes dols ditimos processos o vazamento 6 feito em caixa fechada,
ao contrdxio do primeiro que era em caixa aberta. 0 ntlmero de separadores foi
reduzido a 2.

Resultados obtidos corn o 2 Q tipo de caixa (fig. 4):

la. Sdrie - Areis tipo a:

Temperatura. inicial
de vazamento

1300PCC

Permeabilidade (AFS) 50 50 48 49 52
Resistgncia a6 compress~ao

(kg/cm.2) 395 492 498 497 4,5
Dureza (AFS) 60 65 64 62 59

2a. SS~rie - Areja tipo b:

Temperatu~ra inicial
de, vazamento

13002 C

Pernileabilidade (AFS) - - - -

itesistancia "a compress'a~o
(Q%/cm2) 2,1 2,2

Dureza (AFS) 40 50 45

Resaltados obtidos corn o 3 Qtipo de caixa (fig. 5,:

Ia. Sdrts - Areia tipo a:

Temperatura inicial
de vazamento

1280Q C

Permeabilidade (AFS) 45 48 50 45
Resistenicla %a compress'dwo

(kg/r m2) 4,2 3,6 491
Dureza (AFS) 35 45 45 35



2a. S6rie Areja tipo c:

Temperatura inicial
de vazarnento,

1280LI C

Permeabilidade (AFS)- - -

Resistlencia a cornpressa~o
(kg/cxn2) 201 1,0 1,7I

Dalreza (AFS) 40 30 40

Areia tipo b (n'ao foi posslVel a determina9q'o)

Nestes dois ditimos tipos de caixa, a retirada dos corpos de prova de
areia de baLxa resistgencia (b e c) foi muito diffcil. Para c.p. de resistgncia
abaixo de ý; kg/cm2, 6 aconselh~,vel o 1Q tipo de caixa (caixa aberta), pois os
tres separadores cle areia permitem a retirada dos esp6cirnes mais tacilrnente,
sern daiiificdi-los.

Urn novo, estudo dos projetos das caix.-- tipo 4 e 5, corn a montagern de 3
separaciores de areja, deverl. permitir a f~cil retirada. dos c. p. , corn a vanta-
gern do vazarnento uniforme.

Como prirneiro, estudo foi tentada urna nova forma de alimentagao vista
nas figs. 6,ý 7 e 8.

Resultados obtidos corn o o Q tipo de caixa:

Areia tipo a:

Ternperatura inicial
de vazarnento

1300L)C

Permeabilidade (AFS) 70 68 68 68
Resist'e'ncia "a compress'ao

(kg/crn2) 6,3 63,5 63,3 6,2
Dureza (AFS) 70 80 80 70



Areia tipo b:

Temperatura inicial
de vazarnento

1300Q C

Permeabilidade (AFS) 50 48
Resistgncia "a conmpress~ao

(kg/crn2) 218 390
Dureza (AFS) 45 45

A desmnoldagern dos corpos de prova proccessou-se sern dificuldade4 permi
tindo a retirada dos mesmos sem danlficl-los. Corno ar-enas umna experiericia, fol
efetuada, os resultados d&vera~o ser confirmados ewi male alguns vazamentos. Na
fig. 9 podemos observar o dltimo tipo de, placa utilizada para, o Preparo '!- caixai.
Note-se os quatro separadores de arela visando facilitar a retirada dos corpos de,
prova.

Mlenos do que a obteng'o de resultados precisos, em grande ndmero, a ob
jetivo principal de~ste trabalho foi verificar a exequlbilidade do ensalo Atravds do-
estudo das caixas para conter as ccrpos de prova e a -)ossibilidade de se obter re
sultados reprodutfveis para. c~p. nas mef-mas conditpes de vazamento.

5. CONCLUSOES

I. A tentativa para estabelecer urn rntodo inddito, de ensalo 6 susce-
tfvel de modificap"Ges, sendo necess~rio, -rosseguir as estudos.

2. Sei-A conselh~vel o estudo do efeito, da aplicag~o de, carga de corn-
pressao nos corpos de prova submetidos ao contato, direto corn o
metal lfquido, no momenta do vazarnento.

3. Os valores obtidos para a resist~cia residual permitemr estakele-
cer urna correlag'ao corn a colapsibilidade nio caso das areias para
macho.
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4. 0 conk ecirnento das caracteristicas residuals de uma areia de mol
dagem perinite urn mellior contro"le na adipao de aglornerantes e
aditivos visando, efeitos espeaciais, Inclusive na aplicagiio de pintui-

ras.

5. Os resultados obtidos permitirao, em estudo, futuro, estabelecer
cornparapao corn outros resultados obtidos em ensajos de alta tern
peratura realizados corn o dilatarnmetro.

6. Dos estados realizados podera~o resuttar tipos de ensaios, permi-
Uindo a observap'%o da areia ap6s seu efetivo, uso, de forma mais
evidente do que os ensaios efetuados no dilat'o'metro.

7. Os resultados obtidos autorizarn a afirmar que o carnpo fica aberto
ao estudo, de inirneras composip'es de areja, onde argilas e outros
aditi-vos podprn ser analisados em face da resistgncia residual, cor
relacionando o seu comportarnento corn a colapsibilidade.

8. As reapoes rnetal-areia poderalo vir a ser estudadas pelo, rntodo
descrito.

9. 0 rn~todo estudado 6 eeonoftmico, pr-Atico, e pode ser usado na ma"
ria das fundipoes.
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4,?4

Fig. 1 Aspecto d ' dilatometro para ensaio, de areias de moldagein a altas

temperat-aras. Consiste essencialmente num dispositivo de
compressao a quente; o corpo de prova fica localizado no forno,
supe rior', aqueciclo eletricamente.

SEPARADOO DE £AEI*

Fig. 2 Caixa de arcia individual para ensaio do corpo de prova de areia de
moldakgrm; veeni -se os separadores de areia
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Fig. 3 Aspectos dos corpos de prova da experiencia da figura anterior

sEPARADOR CC ARVAI

ORPO OF PROVA

Fig. 4 A caixa das flguras 2 e 3 evolulu para urna placa corn canal central
de alirnen'tagao; permite o vazarnento simultaneo de 6 corpos deprova e se aproxixna.-nais de uina fundipao real
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Sl A

Fig. 5 A placa da figura anterior foi inelhorada. na, parte referente aos
canals; visarido a retirada mais fdcil dos corpos do prova

CaM0 I powme

Fig. 6 Nova forma do alirnentapao fol tentada; a desmoldagem dos corposI
do prova processou-se sern dificuldade. Os ensatos prosseguern
corn esta, nova caixa
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Fig. 7 Vista fotogrdfica da caixa da figura 6, ainda nao desmoldada
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SOME ASPECTS OF METAL PROCESSING

by Erich G. Thomsen

A' stract

In a period of rapid advancement of science proficiency can no longer be
a hieved in any field of endeavor solely through practical experience. This is

c'-ý:cially true in metal processing where it is necessary to apply advanced know-
Q..ge to the understanding of the behavior of metals in order to select the moF',

suitable and the most economic process and matezial for a given industrial ap-
p ica'.ion.

A short review of the principles of plastic deformation is given and it is
shown that forming characteristics and forming limits depend primarily on the
sta--., J stress. Accordingly, a classification of the major forming processes
based on this concept is presented. In addition several methods of obtaining ap-
oroximate solutions to forming pressures in forming problems are discussed and
a c-mparison for an upsetting problem is given.

It is shown further that a treatment of forming problems is not complete
, a careful examination of the energy equation is made and every term of the

,:_,vation properly accounted for, This ensures that no major errors are intro-
duc.d when making energy balances.

Fiunally it is suggested that in practice the prediction of iorces and energy
a' .re is not sufficient a.-d more thought must be given to tl-a possibility of prezi1ct-
L g amorg .-,hc rs, mechanical properties, surface finish, forming defect3. It is
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suggestOd therefore that more research be directed toward model studies in .-hich
all of the important parameters in forming and cutting processes can be evaluated.
Once such information is available, the possibility exists that a mathematical
model can be found .tich accurately describes the metal-processing operations.

1. Introduction

Success In manufacturing under present day economic competition requires
exploitation of the most recent advances in the technology of metal processing. The
advances in this field are numerous and the application to practice will often result
in the modification of an existing process, its reduction in demand, or even its
complete elimination. A few of the newer processes which have been accepted in
production or are under consideration for application in practice are: continuous
casting of steel slabs immediately followed by rolling, laser and electron beam
welding, magnetic and explosive forming, spin forging, hydrostatic extruding,
uiercing and blanking yielling smoothly sheared edges, electrolytic and spark
erosion machining, chemical milling, ultrasonic vibration-assisted cutting and
forming.

During the time when innovations in manufacturing were few and when
processes remained the same for long periods of time, it was possible to obtain
the necessary "kmow how" for production througth long years of experience. For
example, the open-hearth process in steel-making ý-omained essentially the same
for nearly a century lasting until just a few years ago when liquid oxygen was in-
troduced to speed up the refining process. Similarly the conventional metal-cutting
process, except for increases in cutting speeds as better tool materials became
available and better machine tools were built, remained essentially the same for
almost as many years. Our rapidly advancing knowledge in science and technology,
however, has changed all this and new ideas and new processes are constantly
going into production over much shorter periods of time. Consequently, the-. is
no longer the possibility to gain the necessary "knf,,w how" thvoUh lone, exrpz.-ience
or by an in.ee -l•,-.� �-:v. we must frt•-o
understand the ';-,*,^.1•",f s rw i'•.a-_ or of a nev proccss in order to
predict performance with the aid of perhaps only a few critical experiments.

We will give a short account in tV1s paper of the mechanism of plastic de-

formation and the important role that stresses play in forming operations. We
will classify forming operations logically on the basis of stresses and will ilustrate
the type of solutions available. We will point out further a certain danger that

looms ahead unless we treat forming operations as systems and attempt to account

- - - - - - - - --
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for the expenditure of all energies.

2. Rules for Plastic Deformation

It is a well-known fact that metals at low deformation rates (or strain
rates) will deform at first elastically following Hooke's law. As deformation con-
tinues a critical stress will be reached where plastic deformation is initiated.
This stress is called the yield point or yield strength dependlog on whether the
point is well defined or occurs over a small iegion of straining. This critical
stress is also often simply referred to as the yield stress. The yield stress is
readily obtainable from a compression or a tensile test for the condition of uni-
axial loading when the material remains reasonably isowropic. In the event the
forming load occurs in the presence of multiaxial stresses then the yield stress
or yield condition is generally accepted to be the effective stress a. This stress
is also called the "von Mises yield condition" named for the mathematician von
Mises who demonstrated its existence. It applies well to isotropic ductile metals
encountered in forming problems, but no to brittle r.aterials. For brittle mater-
ials the "Tresca maximum shear stress criterion" generally gives slightly better
results.

The effective stress for a general combined state of stress is given by the
square root of the sum of the squares of the three shear stresses, which act on
the faces of an elemental cube, and the sum of the squares of the resultant shear
stresses on the diagonal surfaces of the cube, which are due to the normal stres-
ses acting on the faces of the cube. A general state of stress is shown in Figure 1.
Thus, the effective stress (also known as a stress invariant) Is essentially the
root mean square shearing stress which takes on a critical value when plastic
deformation is initiated. Thus the importance of the state of stress in yielding
becomes at once evident. It reduces to the yield stress in tension or compression
and can be evaluated readily from these tests under static condtions. Under
dynamic conditions, or at temperatures other than atmospheric, its magnitude
will not be constant and it will depend on the strain rate, metallurgical structure,
and temperature. The behavior of the yield stress has been studied from a solid-
state physics point of view, where the model is the imperfect crystal, character-
ized by dislocations. There are also some experimental data for some regions of
stressing mainly during high temperature creep and in some scattered tests on
impact loading. The available data, however, are incomplete and much more ex-
perimental work is required to give the forming engineer the necessary tools for
analysis and for prediction of forming results. -1
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After the yield condition aas been exceeded the metal will deform plastic-
ally in accordance with the rules of plastic deformation. If the metal is cold
worked, it will become stronger because of the effects known as work-hardening.
The equations relating the stresses to the plastic strains under these conditions
are lmoxvn as the plasticity equations. These equationa are usefoll in calculating
strains from the stresses, or vice versa provided . stress or strain path is
known. D .ring plastic deformation, the density of the material remains essential]'
constant, from which it follows that the sum of the finite normal strains is zero.

The resulting plastic deformation is irreversible and appears as heat en-
ergy. In the event the deformation Is discoutinued or it is completed, only the

a. elastic energy is recovered. This is due to the fact that the plastic energy is
irreversible and essentially, all will have been converted into heat. The elastic
strainc associated with the accompanying plastic strains are small and usually
can be ignored when compared with the much larger plastic strains. They cannot
be neglected, however, when both strains are of the same order of magnitude.
Also, tae elastic strains can not be ignored when the straining during the deform-

14 ation process was heterogeneous, because residual stresses will remain in the
formed part. These residual stresses may be undesirable as illustrated by the
springback of formed flanges during unloading.

3. Classification of FormTncesses

From what bas been said, it is clear that the forming stresses play an
important part in forming problems. It would seem logical, therefore, to use
the average state of stress as a criterion for classifying forming operations.
Such a classification is given in Figure 2.

An inspection of Figure 2 reveals that the state of stress for large deform-
ations is generally of a compressive nature. The processes carried out under these
stresses are classified as squeezing operations and normally are used when a heavy
reduction or change in shape Is required as in rolling. The extent of deformation
under these conditions can be very large because internal cracks, gas cavities,
and pin hole porosity are repaired under the influence of compressive loading.
One defect which limits the squeezing type of deformation is that of buckling, which
occurs in upsetting operations when the workpiece is inadequately supported.

ml In the drawing group one or more of the forming stresses may have changed
to tensile stresses. These forming operations are generally limited in the extentof deformation which may be achieved, because cracks and other defects may open

,. . .... -- • -- • ••• .• •_ • • _ -• : , ~.- " r-- '-- --- _-7. . . - "- -
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up rather than be healed and the process may be limited by fracture. In addition,
In simple or combined tensile type of loading, the load condition may lead to a
type of failure called necking. This failure is typical in a tension test of a ductile
material and occurs at the maximaum load. It in because the rate of reduction in
area exceeds the rate of increase in strength due to work-hardening. Thus the
weakest section, which reaches the maximum load first w-1i1 start necking )"ad will
decrease in cross section more rapidly than any other. This type of failure is
found also in stretching ope-ations, belglng, stretch flaning, tube expanding,
and others. It severe* linits the etent of deformation possible.

The bending group of forming operations Is principally concerned with t!Li
change in shape rather than reduction in cross section. The extent of deformation
is much less than that in th squeezing group. The applied load is a moment and
the stresses across the section of the workpiece vary from compression on the
inner side of the bend radius to tension on the outer side. Thus, bending occurs,
in the presence of stress gradients, which lead to residual stresses and to 'spring-
back upon unloadipg.

The cutting group of metal-working processes can be divided into (a) proc-
esses where separation by shearing in a single cut take place as on a press brake
and (b) where excess metal is removed by peeling a chip from the workpiece as in
metal cutting. Both processes require plastic deformation in the cutting zone. It
is important to note that in most forming processes the metallurgical structure of
the '-orkpiece is refined due to the plastic deformation process. This Is not the
case in machining where only the waste material Is severely deformed, while the
part being machined remains essentially unected.

4. Jome Methods of Solution to Forming Problems•

The subject of determining forming loads and average forming pressures
has been a favorite with investigators working in the fields of applied mathematics
and engineering mechanics. Due to this effort, much Is now known about solutions
to forming problems and it is possible to obtain approximate forming pressures.,
Except far simple problems, however, general methods of obtaining exact solutions
are not available. Consequently, an approximate theoretical solution still must be
checked with experimental data to assure complete confidence. The reason rests
with the assumptions required in the analysis, the effects of which cannot always
be predicted. It is seen from Figure 2 that the state of stress in the metal under
deformation is an important factor for classification. The state of stress is also
important in the evaluation of the forming energy as will be shown subsequently. --
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The important methods of solution are (a) the Siebel uniform-energy

method, (b) the Sachs slab method, (c) the Hencky slip-line method, (d) the
Jolmson-Kudo-Kobayashl upp'er-bound method, and (e) the Thomsen visioplastici- mt
method. The solutions obtained with the methods a-d are compared in Figure 3 r anc
for a slab under compression in which the width remains constant (plane strain). e
Of the solwhions the uniform energy method is the simplest and usually gives a • for
value of forming load which is low because of neglect of shear deformation. vel

* dis
The average pressure is given by Pave o Ed,, where the definite in- uti

tegral is the energy per unit volume of the material deformed and is simply the ste
area under the tensile or compressive stress-strain curve at an identical effective. st
strain , The magnitude oi Pave is usually low since ý*. cannot be determined
exactly in an arbitrary forming problem since shearing strains are not known. A the
better value of Pave Is obtained if friction Is also taken into account and if a shear wte
coefficient is used to compensate for the neglect of shear deformation. For the
upsetting problem shown in row (a) of Figure 3, experiments have shown that ne- ma
glect of shear deformation is not serious for this problem and the value of Pave/s:
3.1 is a realistic value for maximum friction and for a condition when If/h = 6.72.
Thus, Pave/ = 3.1 where .. is the effective yield stress which must be taken as
an average value. 4

5.
The slab method is shown In (b) of Figure 3, which involves the integration

-if a linear differential equation and relates the stress gradient in the width direct-
ion x to the variable height h for the maximum condition of friction. The plasticity
and yield conditions furnish the required interrelation between these variables. pr
The solution is seen to be identical to that obtained with the uniform-energy method!.• gaf

fro
The slip-line solution for the same problem is shown in (c) of Figure 3. all

The figure to the right shows lines which indicate the maximum shear directions. ati
These lines are drawn to satisfy the static stress-equilibrium equations for the an,
given boundary conditions as well as for the velocity distribution of the metal. The
equations shown on the left of the sketch permit the determination of the pressure S
distribution from which Pave can be calculated. It is seen that the magnitude of in 1
Pave/cf = 2.83, is somewhat below the other two solutions.

anc
The upper-bound solution is shown in (d) of Figure 3. This method consists • of 4

of dividing the plastic region into small triangles as shown in the figure. In each
of these tria-:.gles, the metal is assumed to flow as a rigid body arid all plastic de- •
formation o Curs along the diagonals and along the die surfaces. -'Pi, problem at I
consists of determining the shear-strain rates along these lines and summing up
all energies to obtain the total minimum energy required for deformation. It ý03 inI
seen that the value of Pave/ = 2.9 lies between those of (a) or (b) and (d) of Fig. 3.h

_. It should be remarked that the agreement among these solutions is not always as -i" for

close as in the foregoing example and only a comparison with results from an ex- ,



periment can furnish the basis for making the selection of the best solution.

Finally, visioplasticity is a method in which the metal flow field is deter-
mined from an experiment. This flow field is then used to calculate strain rates
and the internal stresses. It utilizes the plasticity equations, the equilibrium
equations and the stress-strain or strain-rate equations in analytical or graphical
form. Figure 4 shows deformed grid lines of an aluminum extrusion. The particle
velocities can be obtained by deforming the metal in small steps and noting the
displacements of the grid-line intersections. The resulting axial-stress distrib-
ution is shown in Figure 5 obtained under the assumption that the flow was in
steady-tjtate.

The selection of the "best solution" for any given problem will depend -on
the resourcefulness of the engineer and his prime task is the choice of that method
which appears to be most likely to give a useful answer. The engineer must be
Ingenious and the choice of the method and interpretation of the results must be
made shrewdly. 4

5. The Energy Equation

In the foregoing meta'-working operations have been considered as isolated
processes, much as one woiud consider a compression or expansion process of a
gas in heat engines. Actually, however, metal-working operations are not isolated
from their surroundings and one ought to consider systems in their entirety with
all materials and energies entering and leaving accounted for. Such a consider-
ation leads to the energy equation, which is In fact an energy-accounting equation
and assures that no important quantities have been neglected.

While it is common practice to use the energy equation for a flow system
in problems of thermodynamics, fluid flow, and heat transfer as the starting
equation, metal-processing and production engineers often overlook its import-
ance. However, its significance is at once apparent when the relative importance
of each term in the equation is considered.

L•e Figure 6 represent a metal-shaping device in which metal is flowing in
at the bottom and leaves in a transformed state at the top. The shaping device, for
example, may be a drawing die where the metal is continuously pulled through as
in wire or bar drawing, it may be an extrusion apparatus where the metal is pushed
through a die or ",it may be a metal-cutting zone in machining. The exact process
for the present argument is unimportant, but let the dotted lines 1 and 2 represent
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theo bounda~iLes between which the shaping process takes place. it is assumed that
metal can enter and leave via sections 1 and 2 only, but the energy may flow across
the boundar.ns of the device. Then an energy balance may be written for the con-
dition of steady state flow,

J (h2 - hp) + (v2 -v v1)/2g + (z2 -z) - JQ - E =0,

where in the foot-lb. system for each pound of material flowing,

h = enthalpy or heat content, Btu per pound of material
v = velocity, ft/sec
z = pasition of section, ft
Q = heat flow into system Btu/lb
E = mechanical, chemical, or electrical work done on system ft. lbs. /lb
J = mechanical equivalent of heat (I Btu = 778.28 ft. lbs.)

The several terms in the energy equation do not necessarily have the same
significance in all metal-shaping processes of indastrial importance.

The potential energy by virtue of position (z2 - zj) can usually be neglected.
Also, the kinetic energy term (v22 - v, 2 )/2g can often be ignored, since this energy
is usually small when compared with the electrical or mechanical energy required
to carry out a forming process. In an electrolytic machining process shown schem-
atically in Figure 7, the work material is shaped by removing the excess material
by electrolysis. This requires normally the discharge of a substantial dc current
through a narrow gap between the negative too' (cathode) and the positive workpiece
(anode). The electrolyte is alkaline and may be a dilute solution of common table
salt (NaCI in H20), modified with an inhibitor to prevent corrosion. It is pumped
continuously through the gap to carry off the heat andi the reaction products. Thus
for the electrolysis, Equation 1 reduces to

J (h2 - hl) - JQ = E

or J( h)-JQ = E, (2)

where the energy E must be sufficient to account for the heat flow -Q out of the
system and the formation energy of the reaction products Ah required for the
electrolysis. The current flow can be computed by ma-in&: use of Faraday's law
which states that one gram equivalent weight of metal is altered at each electrode
for each 96500 coulombs (I coulomb = 1 ampere per second). In the electrolysis
hydrogen is liberated at the tool surface while excess metal is removed from the
work surface. Thus, the process in essence is a deplating process, and the react-
ions in the yarrow gap between the tool and workpiece due to the presence of ions
in the solution and the passage of a strong current are as follows:



Fe + 2(OH)- = Fe (OH)2 + 2e , ()

and H20 + 2e- = H2 + (OH)- (4)

The reaction (3) occurs at the anode and liberates iron which first forms
the insoluble compound Fe(OH)2 , but later in contact with air is oxidized to Fe(OH)3
and can be filtered oum while reaction (4) liberates H2 at the cathode. The tool Is
not affected by the reaction and for each atom of iron removed two electrons (2e-)
must be supplied from an outside agency.

In order to calculate the erthalpy change in the system it is necessary to
consider the heat of formation of the products in tae reaction. Writing the com-
plete reaction of Equations (3) and (4) results in

2H20 + Fe = H2 + Fe(OH)2 + 6H (5)

for which by substitution of the heats of formation at the standard temperature of
18 9 C and 1 atm. pressure results in the equation

2 x 68 + 0 = 2(-50) + 136 + & H. (6)

Thus the formation of the reaction products results in the net energy ab-
sorption of

4H = 100 kilocalories,

or AH = 100 x 3.97 = 397 Btu/gram mol of iron (7)

This heat is absorbed in the formation of hydrogen gas and d H can be used
to calculate ah per lb. of iron removed from the work'piece, namely

w AH =-' x 397 = 3130 Btu/lb. (8)mol (Fe) 55.84

where w = 454 grams per pound of iron and one mol(Fe) = 55.84 grams is the
molecular weight of iron.

The electrical energy E can be calculated from the required current for the
electrolytic reaction and the voltage drop across the gap between the electrodes.
The number of coulombs of electricity Is obtained from Faradae law, where the
gram equivalent weight of iron is given by mol(Fe)/2e- = 55.84/2 = 27.42 grams.
Hence the electricity requirement in coulombs for each gram of Fe liberated is I
given by 96.500 3510 coulombs/gram Fe (9)

27.42



Assuming that the removal rate is one pound of 'ron per minute, then the
current requirement from Equation (9) is given by

454
i=3510 x = 26,800 amperes (10)

Assuming further that the voltage drop between the electrodes is 10 volts
according to observations In practice, then the power requirement would be

E = iV = 26 800 x 10 = 268 kilowatts

100 (11)

The heat removal rate (-Q) in Btu per minute from the electrolyte by re-
frigeration can now be calculated from Equation (2)

- JQ = E - J (AH)

or - Q = 268 x 56.9 -3130= 12100 Btu/min, (12)

where 56.9 is the conversion factor from kilowatts to Btu per min. of heat flow. It
is seen that in this process the energies are enormous and the current flow and the
refrigeration rates (approximately 60 zons of refrigeration) are large. Commercial
electrolytic machining units of about o. .e third of the capacity of electrical energy
are in practical use, but there is reason to beliet,'z that units as large or larger
than the one discussed are feasible.

Consider next the application of the energy equation to a metalcutting prob-
lem. For simplicity a two-dimensional cutting process (orthogonal cutting) is
considered as shown in Figure 8. The main energy for cutting is consumed in the
region (a), where plastic deformation by shear takes place in a narrow zone. Al-
ditional energy consumption occurs at (b) through frictioz between the chip and
tool face and to a smaller extent at (c) by friction between the flank of the tool and
the machined surface. If one assumes that the cutting velocities are in the practical
range, then the potential and kinetic eiidrgy terms of Equation (1) may again be ne-
glected when compared with the plastic flow and friction energy terms, and the
mechanical energy rate EI is given by

SE'= FcV (13)

Thus the energy balance gives the equation

wa J-Q + wcp(T2 - To).- F V, (14)

where:



=! L. oS metal removed in the form of he chip, Ibs/sec.
• = specific heat at constant pressure, Btu/lb. deg. F

final average chip temperature, deg. F
To = initial workpiece temperatlze, deg. F
Fc = cutting force in the direction of motion, lbs
V = cutting velocity, ft/sec
-Q = rate of heat flow out of the cutting region into the tool, the work-

piece, and the surroundings, Btu for w? Ibs

If the cutting process is carried out at higher speeds, say 300 ft/min or
more, then the process approaches adiabatic conditions and the heat flow -Q to
the surroundings is nearly zero. Thus, we may write

JW'cp(T2 - TO) = FcV (15)

and all energy will leave with the chip as internal energy. Thus, equation (15)
permits the determination of Fc, when TO: and the rate of metal removal w'
are known. Also the forces in forming as wel as in cutting may then be calculated
from the energy required for plastic deformation and friction.

While it was possible. to neglect the kinetic energy term in the for( ang
examples, this is not always justified. A case in point would be ultra-hig peed
cutting at, say, 100, 000 ft. /min. This valocity was achieved on an exper nental
basis by letting a projectile graze a stationary cutting tool, where the projectile
was the moving workpiece. It was found in these experimental cutting tests that
the chips were formed in continuous ribbons In a manner similar to conventional
cutting. However, while chip formetion may be similar, energies are not, and the
kinetic energy term of Equation (1) can no longer be ignored, since the chip must
be deflected at high speed by the tool in a direction parallel with the tool face.
Table I shows calculated force and energy values fcr several cutting speeds and it
is evident that the dynamic character of the process takes on major significance.
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Table I

Effect of Cutting Speed on Energy Absorption
of SAE 1112 Steel Orthogonal cut

rake angle, 09 = 0
undeformed chip thickness, to = 0. 008 ips
depth of cut, wo = 0.20 In

_11N' cutting ratio, re = 0.47

Mechanical Kinetic Total
cutting speed Energy Energy Energy

ft/min. ft.lb./Ib ft.b./Ib ft.lb./lb

102 -56,300 -0.03 -56,300

103 -56,300 -3.3 -56,303

104 -57,300 -336 -57,636

105 -142,500 -33600 -176,100

Conclusions

From the foregoing discussion it is evident that substantial progress has
been made in understanding the mechanics of plastic deformation in forming proc-
esses and in utilizing this knowledge for the purpose of determining energies and
forming loads. However, while the knowledge of forming loads and energies has
theoretical importance, it may not have the same importance in practice. Among
the problems that remain are: the determination of (a) structural change in the
metal during deformation, state of work-hardening and strain, (b) damage imposed
by forming through the formation of microcracks, (c) limits of forming imposed by
necking, buckling, and fracturing, (d) effect of hydrostatic pressure and high strain
rate on flow and forming limits, (e) mechanism of friction under conditions found in
metal forming, (f) stress-strain rate-temperature relationships for common metals
and ,ange of condý*Ions used in practice, (g) surface quality and surface finish.

Some information is available but it is spotty and it is incomplete. Necking
for example, has been studied and predictions have been proposed for which ex-
perimental evidence is lacking, especially for combined stresses and high-rate

ii I I i I I I I I I$ I I iI II I I iI 'F
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forming. Buckling has been investigated and equations are available for predictin 1
but little or no experimental evidence is available. Fracturing, also, has been
under study for many years, but only brittle fracture is reasonably well under-
stood, whereas our knowledge of ductile fracture of metals is Incomplete. In ad-
dition it has been shown that yielding and flow do not seem to be influenced by
hydrostatic pressure, but it is not known what effect this pressure has on fracture
and on other forming limits.

It appears that many of these unsolved forming problems are not amenable
to analysis alone and that more experimental data are needed. However, unless
the experiments are chosen in such a way that generalization is possible, the re-
sults will have only limited application. Careful planning of experiments will be
an essential ingredient to success. The author believes that wider use should be
made of model studies in order to gain a better insight into actual deformation
processes.in aiding in the determination of texture, strain, residual stresses,
surface finish and other important properties of the finished workpiece.

In conclusion it should be said that an important consideration in metal-
working problems in the future would be to take into account not only forces and
energies required in forming operations but to expiore the interaction between the
final shape and properties of the formed part, and the material and its structure,
its initial shape, the tools, the forming machines and the deformation processes.
Hence, the model for a forming process besides energies should include such
items as are shown in Figure 9, which should let us better describe all important
properties of the material before and after forming.

,4.
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TRI-SERVICE COORDINATED METAL WORKING AND PROCESSING PROGRAM

by NormWa1L. Reed

Introduction

Land, sea, and air are the natural divisions of the earth on which we live.
The responsibilities of the United States Army, Navy, and Air Force are mainly
parallel to these three natural states. The three services work together in an en-
deavor to maintain a national posture. In like manner, researchers, scientists,
and engineers work together in the metals working and processing program to
translate research knowledge into useful engineering and structural metals.

Having recognized the need to be ever moving forward to meet the require-
ments placed on our Army agencies and to minimize the time Interval between re-
search knowledge and the final production or manufacture of useful "hardware", it
is evident that concerted effort is justified to improve old and invent new ways of
handling and processing metals into usable shapes with optimum properties under
quality-contr'olled conditions.

In general, industry currently produces heavy tonnages of the usual c;gi-
neering metals to rather rigid requirements and these metals are, in turn, shaped,
joined, and fabricated into the thousands of items used daily in our homes, factor-
ies, schools, automobiles, etc. The endeavor of the Army, working in close co-
operation with the Navy and Air Force, is to develop methods at converting the
unusual and costly metals into closely controlled shapes, sizes, and contours
while avoiding excessive loss or waste of these metals as they become functional
parts of a system.

Although quality control or process control is not a part of this program
per se, it is expected that the working and fabrication of the unusual metals or
unique shapes of the more standard metals will reveal that new quality control



techniques will be required. The research and development teams worl Ig on the
program being reported here, having developed new processing techniques, will
"be of great assistance to those responsible for developing quality assurance tech-
niques.

Additional background relative to the establishment of the coordinated
metal working and processing program included an assignment by the Department
of Defense to the Materials Advisory Board of the National Academy of Sciences
to make an exploratory investigation on the topic of deformation of metals. An ad

VI, hoc committee was formed for this purpose. Although the committee has been dis-
solved, its deliberations interested many segments of the Department of Defense
and in part instigated the holding of a research conference in August 1962*, on
"Fmundamentals of Deformation Processing", which was sponsored by the U. S.
Army Materials Research Agency (AMRA) in conjunction with Syracuse University
under the chairmanship of the author of this paper. This conference, attended by

-* carefully selected talent, did much to solidify the known information of the uni-
versities, industry and Government on this subject.

Participating organizations

Under the authority of the Deprtment of Defense, the Army, Navy, and
Air force joined in the establishment of the current Metalworking Processes and
Equipment Program (MPEP) in the latter part of 1962. The National Aeronautics
and Space Administration was also interested and joined the endeavor. The Navy
was assigned the responsibility of coordinating the program and Mr. Thomas F.
Kearns was named Chairman of the Government Steering Group of the MPEP. The
above three services and NASA have membership in this group, in addition to
other representation from the Department of Defense and the Defense Metals In-
formation Center. This group meets approximately three times a year and delib-
erately chooses to assemble at locations where considerable activity in metal
working is taking place.

Following the frequent custom of the Department of Defense to assure as
broad as possible advice on a particular subject, the Department requested the
National Academy of Sciences to establish a Metalworking Processes and Equip-
ment Committee under its Materials Advisory Board (not ad hoc committee, as

*Under a contractual agreement, the proceedings of this conference have been
published by Syracuse University Press in a book bearing the same title.



previously reported). Members of this committee are current13 drawn from four
universities, from four - -mort pornpanies in industry, and from two research
institutes or laboratories. It convenes under the chairmanship of Dr. William
Rostoker of the Research Institute of Illinois Institute of Technology.

Purpose of the program

The program is designed to fulfill a continuing need to assess research 4
information on metal deformation, devise and promote improved metal processing
equipment, and recommend processing conditions that will yield optimum charac-
teristics in the variety of metals required by the Department of Defense, some of
which are frequently difficult to process. Three phases of this effort have been
recognized. They are:

a. compilation of existing knowledge of the deformation characteristics
imposed by the various processes, *

b. recommendation of programs necessary to overcome gaps in the
present knowledge, and

c. design, construction, a.-d operation of new metalworking equipment.

Activities under the program

Attention has been focused to a considerable extent on the deformation
characteristics of refractory metals, on beryllium, and on super alloys, with
initial emphasis on the rolling process. Attention to extrusion, spinning, drawing
and the like will be initiated at a later date. Consideration of strain rate, effect
of temperature, anisotropy, crystallographic texture, and of ultrasonic energy
and high pressure have been included in the program.

*Processing of metals in the solid state includes cold drawing, cold extrusion,

rolling, etc.



It has been obvious from the start that dissemination of the resuJts of the
program was essential: tfius. preparatior of) reports that would acquaint proees-
sing equipment designers and manufacturers with the advances in deformation
processing has been included.

A reasonably complete listing of programs in Government laboratories or
conducted under contract, either planned, under way, or completed. has been
compiled, As an aid in visualizing the program, a list of typical efferts is attached
as Appendix A, which notes the sponsors as well as those conducding the research.

Meetings of the Government Steering Group of MPEP have been held at the
Bureau of Naval Weapons, at Wright-Patterson Air Force Base, and at AMRA,
with opportunity to observe some of the activities associated with the program.
There were three presentations made to the Steer:'ug Group at the AMRA meeting.

These were-

a. Thermomechanical Treatment of Steel - Dr. E. B. Kula

b, o Metal Behavior in Rolling and Wire Drawing - Mc. E . DiCesare

Sc. Development of Anisotropy in Titanium - !:'.r F. R. Larson

The Steering Group sponsored a "Symposium on Ultrasonics in Metal De-
formation" in June of 1963 The Defense Metals Information Center (DMIC) pre-
pared a report of the sympositrn DMIC Report 187." dated 16 August 1963, entitlel
"The Application of Ultrasonic Energy in the Def,'rmation of Metals". Some ex-
cerpts from this are given in Appendix B.

In addition. a second symposium on high pressure in metal -deformation
processing was held in October 1963, The DMIC was likewise charged with the
responsibility of reporting on this meeting and issued DMIC .Report 199, dated 2
March 1964, entitled "The Application of High Pressure in Metal -Deformation
Processing". Some excerpts from this report are given in Appendix C,

Materials advisory board program

As noted previously at the request of the Department of Defense, the



Materials Advisory Board had established a M,-talworkiitg Processes and Equip-
ment Committee composed entirely of nou- overnrnmnati sfitlit. and englunteers.
This committee, acting under Lae auspices of the National Academy of Sciences,
has been asked to provide advice and assistance to the Department of Defense in
the organization and conduct of an integrated program on the advancement of de-
formation theory and its application to the manufacturing process. The letter of
assignment from DOD noted (a) that basic and applied research has resulted in an
increase in knowledge of metals deformation phenomena; (b) an interservice prog-
ram (MPEP) involving participation of a Government Steering Group has been
initiated to reduce this knowledge to practice; (c) that the cooperation of the
scientific community and the metal working equipment producers and users would
be desirable in MPEP; and (d) that an MAB committee should be organized to pro-
mote this cooperation. The ground rules for the MAB committee are as follows:
(a) to serve as a forum for discussion of deformation technology among well- ia-
formed individuals from industry, academic organizations, and Government;
(b) to review and guide Army, Navy, and Air Force programs, both present and
proposed; and (c) through the issuance of advisory reports, to make recommend-
ations for initiation or the conduct of research and development in deformation
processes.

The first meeting of the MAB committee was held in November of 1963 in
Chicago, Illinois. The committee agreed to focus its attention upon the direction
and balance of the research and development projects in the early stages of effort
and on those projects now being planned. It is also possible that the MAB com-
mittee will be asked to review and comment on the epecific proposals received by
the Services.

For longer range activity the committee suggested that it eould concern
itself with (a) discussions involving exploration of unexploited arnas which might
lead to the development of new manufacturing techniques; (b) arranging for trade
association and industrial representatives to discuss the obstacles and factors
which limit design and operation of present equipment; and (c) investigating the
fruitful avenues for displaying the findings of the Government program to a large
segment of the engineering community.

This committee recognizes that the disciplines of primary importance to
the current program are physical metallurgy, mechanical metallurgy, materials
eaLgineering, physics, applied mechanics, and mechanical engineering.

A second meeting of the MAB committee was held in April of 1964. The
presentations covered capacities and limitations of present ultrasonic generators
and of high-pressure hydrostatic systems as. applied to metalworking, a review
of some of the effort underway, a review of some proposals received, a discus-
sion on continuum mechanics, a paper on the applicability of flow stress and strain
measurement to the analysis of real deformation processes, and a paper on super-
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plasticity.

Summary

The Department of Defense has embarked on a research and development
program covering the facets of metalworking and processes that now limit our
ability to produce, as economically as possible, structural metals (most fre-
quently the highcost uncommon metals) with optimum properties and in optimum
shapes. The approach reported is quite typical of those used by the three Services
of the Department of Defense to thoroughly coordinate the many facets of a broad
program. To date the program is "young". We confidently expect that ;It will have
profound effects on the availability, in quaitity, of a variety of metals with shapes
and characteristics that are not now attainable. Results of the effort have been and
will continue to be reported in the open literature.

i
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APPENDIX A

LISTING OF TYPICAL EFFORTS RELATING TO

METALWORKING PROCESSES AND EQUIPMENT PROGRAM

Category I. Modes of Deformation

Typical Programs

Flow and Fracture Characteristics of Titanium
Flow and Fracture Characteristics of Tungsten and Tungsten Alloys
Flow and Fracture Characteristics of Beryllium
Tungsten Single Crystals
Bauschinger Effects
Fracture in Polycrystalline Tungsten
Effect of Precipitates in Plastic Flow at Low Temperatures

Typical Sponsors

Army Materials Research Agency
Navy - Bureau of Weapons
Air Force - Materials Laboratory

Typical Research Groups

Franklin Institute
Linde Company
European Research Associates
Battelle Memorial Institute
Cornell Aeronautical Laboratory

'-C •4.• 'I , • - " • v: - ---. ... .. . ..
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Category II. Strain Rate and Temperature Studies

Typical Programs

Effect of High Strain Rates on Mode of Deformation and Ductile
Brittle Fracture Translstion

Determination of Shear Forming Parameters for 18%Ni Alloys for
Gun Tube Production

Warm Working o^ Armor Steel for Increased Toughness and Strength
Polycrystalline Aggregates in Metal
Dynamic Plastic Deformation in Aluminum Single Crystals
StreSs-Strain Characteristics of Materials at High Rates of Strain

Effect of Strain Rate and Temperature on Deformation Character-
istics of Beryllium, Tungsten, and Udimet 700

Development of Explosive Forming Techniques in Metal Forming
ExtEusion, Rolling, Forging of Refractory Metals
Extrudability Parameters for Ingot Extrusion

+ Defor-mation. and Fracture of Crystalline Solids Under Dynamic
• Loading-

Cyclic Strain Accumulation Under Complex Multiaxial. Loading

Basic Parameters of Metal Behavior under High Energy Rate Forming

Metal Behavior in Rolling and Wire Drawing
Warm Swaging of RefractoTy Metals

Typical Sponsors

Army - Watervliet Arsenal
Army - Tank and Automotive Center
SA rmy Research Office - Durham
Army Materials Research Agency
Navy - Bureau of Weapons
Air Force - Materials Central
Air Force - European Research Office
National Aeronautics and Space Administration

Typical Research Groups

Army - Watervliet Arsenal
University of California

Southwest Research Institute
University of Texas
Naval Ordnan-e Test Station



New England Materials l•brator
Central Institute of Industrial Research - Norway
Westinghouse Electric Corporation
Wright-Patterson Air Force Base Metals Laboratory
Convair Division - General Dynamics
University of Liverpool - England
University of Illinowa
Rutgers University
Aerojet General Cor'poration
Lewis Research Center - NASA
Army Materials Research Agency
Arthur D. Little Company
Frankford Arsenal

Category III. High Pressure Effects

Typical Programs

Structural Changes in Anisotropic Materials Under Hydraulic
Pressure to 40, 000 Atmospheres

Hydrostatic Extrusion of Tungsten and Beryllium Under High Pres-
sures

Drawing Sheet Metals Under Hydrostatic Pressure
Hydrostatic Extrusion of Refractory Metals

Typical Sponsors

Army - Watervliet Arsenal
Navy - Bureau of Weapons
Air Force - Materials Central
National Aeronautics and Space Administration

Typical Research Groups p
Army - Watervliet Arsenal
Pressure Techuology Corporation of America 7

General Electric Corporation Research Laboratory
Battelle Memorial Institute



Cato-- .y IV. Ultrasonic Effects

Typical Programs

Effect of Ultrasonics, Temperature and Strain Rate on Deformation

Characteristics of Structural Metals
Effect of Ultrasonics on Deformation Characteristics of Metals
Effects- of Ultrasonics on Wire Drawing
Application of Ultrasonics to the Rolling Process
Feasibility of Ultrascund for Determination of Structural Inhomo-

geneities and Residual Stress in Various Metal and Non-
Metal Structures

Typical Sponsors

Navy - Bureau of Weapons
Air Force - Materials Laboratory
Cincin=U Milling and Grinding Machines Inc.

Typical Research Groups

Cincinnati Milling and Grinding Machines Inc.
Naval Ordnance Test Station
University of Michigan
Westinghouse Electric Corporation
University of Vienna

Category V. Orientation and Texture Studies

Typical Programs

Strength and Plasticity of Anisotropic Metals
Structural Changes in Anisotropic Materials by High Pressures
Orientation and Texture Studies During Rolling of Titanium Sheet

Materials.
Effect of Crystallographic Textures of Several Anisotropic Metals

on Deformation
Deformation and Texture Studies in Tantalum and molybdenum

Thermo-Mechanical Studies on Beryllium Sheet



Typical Sponsors

Army Materials Research Agency
Navy - Bureau of Weapons
Air Force - Materials Laboratory

Typical Research Groups

Army Materials Research Agency
Massachusetts Institute of Technology
Air Force - Materials Laboratory
Army - Watervliet Arsenal
Pechiney Company - France
Franklin Institute

Category VI. Friction and Wear Studies

Typical Programs

Extrusion Lubricants
Effect of Surface Films on Mechanical Properties
Surface Effects of Solids
Effect of Surface on Mechanical Behavior of Metals

Typical S)ponsors

Air Force - Materials Laboratory
Navy Bureau of Weapons

Typical Research Groups

Air Force - Materials Laboratory
Thompson Ramo Woolridge, Inc.
The Martin Company
General Mills, Inc.
Martin-Marietta Corporation
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Category VII. Mechanics of Processing

Typical Programs

Mechanichs of Deformation in the Rolling Process Using Visioplas-
ticity Methods of Analysis

Work-Hardening Phenomena
A Study of Forging Variables
Hot Working of Metal

I Typical Sponsors

Army - Frankford Arsenal
Navy - Bureau of Weapons
Air Force - Materials Laboratory

Typical Research Groups

Army - Frankford Arsenal
University of California
United Aircraft Corporation
Battelle Memori,-. Institute
University of Birmingham, Englmid

Category VIII. Superplasticity

Typical Program

Evaluation of Superplasticity Phenomena Applied to Difficult-to-
Process Metals

Typical Sponsor

Army - Frankford ArsenalI
Typical Research Group

Army - Frankford Arsenal
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APPENDIX B

Excerpts from DMIC Report 187:

THE APPLICATION OF ULTRASONIC ENERGY IN THE
DEFORMATION OF METALS

Report on an Informal Symposium

Summary

"On June 21 a symposium was sponsored by the IBurzau of Naval Weapons
on the application of ultrasonic energy in the deformation of metals. At-this ses-
sion, a number of investigators actively working in the field reported- informally
on the results of their research. The reports revealed that the results achieved
by incorporating ultrasonic transducers into conventional metal-forming and
-cutting operations are sufficiently promising that the technique merits further
attention. Data are available to indicate that application of ultrasonic vibrations
during metalworking can increase speeds, lower forces, and improve surface
finishes. All of these results have been obtained without any observed difference
in properties between ultrasonically and conventlowllr fabricated parts.

"During the meeting the use of this technique was demonstrated in many
common forming operations (drawing, grinding, tapping, extrusion, rolling),
mainly on materials with low yield strength and krlw creep resistance (zminc, iead•,
aluminum, etc). There was no agreement as to the caxiso of the improved fabric-
ability, both a lowering of the yield stress and a reduction 01 friction being sug-
gested.

"Some details on design of experimental and pilot-plart equipment are I
given"r a w a

Presentations were made by:
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Dr. B. Langenecker, Naval Ordnance Test Statioi, China Lake, California.

Professor L. V. Colwell, University of Michigan, Ann Arbor, Michigan.

Mr. A. T. Robinson, Naval Ordnance Test Station, China Lake, California.

Dr. C. A. Boyd and Mr. N. Maropis, Aeroprojects, Inc., West Chester,
Pennsylvania.

"Dr. C. A. Boyd and Mr. H. Kartluke, Aeroprojects, Inc. West Chester,
Pennsylvania.

Mr. B. Mainwaring, Uniform Tubes, Inc., Collegeville, Pennsylvania.

Dr. W. B. Tarpley, Jr., Aerol:rojects, Inc., West Chester, Pennsylvania.

Dr. R.R. Weber, Cincinnati Milling Machine Company, Cincinnati, Ohio.

Mr. H. L. MIcKaig, Jr., Aeroprojects, Inc., WNest Chester, Pennsylvania.

Suggestions For Future Work

"(1) Jf the use of ultrasonics is to spread, one of two conditions must be
met: its use must either make the production of materials and shapes now being
fabricated more economical or it -v,-ust permit the fa.)rication of materials which
cannot now be handled by conventional processes. A 6 ood example cý the former
is the report of Uniform Tubes, Inc., that, by using ultrasonics, the number of
drawing reductions can be reduced from three to two in producing thin-walled
aluminum tubing. On the other Land, few data have appeared which would indicate
that ultrasonics will be a help in fabricating refractory or brittle materials. The
most sensational results have been obtained on materials such as zinc, lead,
aluminum, and copper which are quite ductile and have little creep resistance.
SFrom the viewpoint ol the MPEP program, interest in ultrasonic forming is con-
tingent en its ability to fabricate materials possessing good creep resistance.
Since it has not been shown that ultrasonic forming will provide a solution to this
problem, a detuostration of improved fabricability in any one of a number of re-

fractory ailoys shculd have top priority. For example, F48Q is a columbium-base
alloy which showed good promise as a high-temperature mlaterial but which has
been largely writie off, mainly due to its lack of fabricability. Another case is
the alky compositka Nb3 Zr which could be the basis for large-scale introduction



of superconductivity in the electrical industry.

"(2) In using ultrasonic energy in metal deformation, design of equip-
ment and monitoring of experiments appear to be difficult. The installation of
ultrasonics requires experience in use of transducers and In the design of re-
sonating systems. Furthermore, questions such as where to apply the vibrations,
should vibration be axial, radial, or flexural; and what frequencies and amplitudes
are optimum must be answered separately for each operation and each piece of
equipment. Equipment must b. designed which will optimize the delivery of ultra-
sonic energy to the workpiece and guidelines for answering the above questions
should be developed. The monitoring problem must also be considered. It is easy j
to measure the power input to the transducer, but very little has been 4 ,ne to
measure the power delivered to the workpiece. Measurements of temperature
rise of the workpiece have not been reported, although this may be an important
effect as suggested by the buildup of metal on wire-drawing dies In experiments at
the U. S. Naval Ordnance Test Station. Finally, although speeds are relatively easy
to measure, caution should be used in analyzing reported drawing tensions since £

sophisticated rapid-response electronic gear must be used to make such measure-
ments accurately. More data on sleeds, efficiencies, and tensions are certainly
needed. Programs such ks that initiated at Cincinnati Milling Machine should
provide the answer to the question of whether friction or yield-point effects (or
both) are causing the reported improvements in fabricability.

"(3) Even if the yield-point effect proves to be of minor practical im-

portance in forming operations, its undoubted existence presents a challenge to
the theoretician. It is strange that the large amount of prior effort in the field of
internal friction did not predict this effect. Its cause is also unknown, and a valid
mechanism for absorption of ultrasonic energy is needed. Transmission electron
microscopy of conventionally and ultrasonically formed materials would be help-
ful. Perhaps fatigue data will give information on what effects are to be expected
at low frequencies and will be useful in determining optimum frequencies".



APPENDIX C

Excerpts from DMIC Report 199

THE APPLICATION OF HIGH PRESSURE IN
METAL-DEFORMATION PROCESSING

Report on an Informal Symposium of the
* Metalworking Processes and Equipment Program

Summary

"On October 3, 1963, a symposium was sponsored by the Bureau of Naval

Weapons, Metalworking Processes and Equipment Program, on the application of
high pressure In metal-deformation processing. Informal talks were given by
eight investigators actively working in the field, covering both fundamental and
applied aspects of high pressure effects.

"Past research, largely by Bridgman, has shown that superimposed hydro-

static pressure can significantly increase the ductility at fracture of various mater-
ials. These observations have stimulated considerable interest in applying this
hydrostatic-pressure effect to metal deformation processing, where it was anti-
cipated that improved ductility and fabricability of brittle materials could be re-
alized. Hydrostatic extrusion and hydrodynamic compressive forging were two
such fabrication techniques discussed at the symposium, and preliminary results
were found to be encouraging. Another fabrication process that will be investigated
in the near future is sheet drawing, where the effect of superimposed pressure on
drawability will be evaluated.

"Although it is generally observed that testing under high pressure im-
proves the ductility to fracture, it was noted that pressure cycling did not improve
either the strength or ductility of steels containing various amounts of carbon. In
addition to the mechanical-property effects, hydrostatic pressure has been foand

I. . .• _ ••



toafec eaurblnmro"M1Mus mentallturgicall pir iextie~ f meials and alloys.
These include modes of deformation: l:lnetics of recovery, recrystallization, and
grain growth; and phase stability".

Presentations were made by:

Mr. T. F. Kearns, Head, Metals Branch Bureau of Naval Weapons, "High
Pressure Studies in Relation to MPEP".

Dr. A. Bobrowsky, Pressure Technology Corporation, "Background on
Deformation of Metals Under H4gh Pressure".

Mr. H. L.D. Pugh, National Engineering Laboratory, East Kilbride,

Scotland, "Effect of High Pressures on Metal Deformation".

Dr. A. Kuhn, ManLabs, Inc., "Effect of High Pressure on Metals".

Mr. T. E. Davidson, Benet Research and Engineering Laboratories,
Watervliet Arsenal, "Effects of Pressure on Structure and De-
formation of Metals".

Mr, Robert Fiorentino, Battelle Memorial Institute, "Hydrostatic Ex-
tiusion".

Dr. H. C. Rogers, General Electric Company, Research Laboratory,
"Drawing of Sheet Metal".

Mr. Richard M. Cogan, Thomson Engineering Laboratories, General
Electric Company, "Hydrodynamic Compressive Forging".

Suggestions for Future Work

"Process Development

"Although the hydrostatic-pressure effect has been applied with encouraging
results (at room temperature) to hydrodynamic compressive forging and hydrostatic
extrusion, more research and development is required to fully evaluate Lhese fab-
rication techniques. In particular, it is important to determine the subsequeni.
mechanical properties of materials fabricated by these mea-is to check for uni i.rm-



ity and to compare with the properties of materials fabricated by more convention,*
al techniques. Future work should alaonhle e• f,*r- apply thse f•a.-briCati--O-'

methods at elevated temperatures. Development of equipment with high-temper-
ature capabilities will probably be necessary before these techniques can be suc-
cessfully applied to fabrication of high-strength, high-melting-point materials.
Additional research appears to be warranted to determine the mechanisms of
lubrication during hydrostatic extrusion.

"Modes of Plastic Deformation

"(1) Considerable work is required to evaluate the modes of plastic de-
formation of materials tested with a superimposed hydrostatic pressure (e. g.,
slip, twinning, stacking faults, deformation bands, and kink bands). The utilization
of special techniques, such as transmission electron microscopy, has provided
substantial information regarding deformation mechanisms, but this type of work
has not, as yet, been applied extensively to materials deformed under high hydro-
static pressures.

"(2) Recent (unpublished) experiments by E. P. Bullen and H. L. Wain in
Australia have shown that brittle, recrystallized chromium becomes ductile at
ambient temperature and pressure after being subjected to large hydrostatic pres-
sures. For example, the room-temperature (1 atmosphere) ductilities were found
to be as follows:

"(a) Unpressurized - 0 plr cent elongation, 0 per cent reduction
in area

"(o) Pressurized at 104 atmospheres - 65.4 per cent elongation
47.3 per cent reduction in area

The ductilizing effect is probably the san L as that due to prestrain-
ing above the ductile-to-brittle transition temperature. Prestraining removes the
yield point by the introduction of fresh dislocations, and it is probable that the ab
sence of a yield drop after pressurization is also caused by getneration of mobile
dislocations. This in turn could lower the propensity for twinning, which is one
potent mechanism of crack initiation in chromium (e.g. at twin/twin and twin/
grain boundary intersections). The mechanism of dislocation generation under
pressure is still now known however, and it appears that some further research
is warranted. In addition to such investigations, it might be of pr-actical import-
ance to determine whether complex shaped parts of brittle materials (which can-
not be conveniently prestrained by normal methods) could be ductilized by hydro-
static pressurization".
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SOME TECHNICAL ASPECTS OF THE
U.S. METALWORKING PROCESSES AND EQUIPMENT PROGRAM

by N. E. Promisel

A previous speaker has described the scope, objectives and general organ-
izatioD of the Metalworking Processes and Equipment Program. Essentially, in
this paper I want to describe to you in greater detail some specific examples of the
phenomena and metal behavior which we think must be considered in looking ahead
to new processing techniques and new equipment.

Let me remind you first of two basic features of this program: The first
point is that our objective is to develop techniques and equipment which are ad-
justed to the characteristic behavior of the material, instead of trying to modify
the material to be "workable" in equipment or under conditions which have been
developed for something else. It is not reasonable to expect to be able to roll most
efficiently refractory metals like tungsten or some niobium alloys on rolling mills
designed for rolling mild steel. The forces, terieratures, speeds, strain rates,
etc. required for efficient processing are entirely Aifferent in boith cases. Too
often, a newly developed alloy has been deliberately made "weaker" becatuse it
could not be processed by conventional techniques. Unless we take a giant step
forward, we can expect the situation to get worse, because so much effort is now
being spent to deliberately develop materials which resist deformation at higher
stresses, at higher temperatures for longer times, etc. Obviously, we must de-
velop techniques and equipment which permit processing these materials without
sacrificing this greater resistance to deformation in service.

The second feature of this program that I would recall to you is this. Since N
we are attempting to hold to a minimum any change in the material for the purpose -'_

of easing its processing, but which could be detrimental in other respects, it is
necessary to examine thoroughly and basically the deformation characteristics of



the material and new concepts or phenomena which might help in designing new
equipment and new conditions for processing. Fortunately, there has been con-
siderable research work on metal deformation phenomena and we have many new
tools to help us. Figure 1 lists some of these in which there are very interesting
and even exciting possibilities. There is opportunity b refer to only some of
these in this rather limited paper, but these are the kinds of things I plan to
discuss; namely, the research and development work described by the previous
speaker as Phase 2 of this program.

It is evidentiy not easy to identify all the necessary subjects for study and
to take into accouit all the work that is going on in this field. It is for this reason.
as mentioned by the previous speaker, that a broad and comprehensive organ-i ization is important and has been established to assist In this program. Figure 2
is an early outline of the corganization, as it affects the U. S. Navy program.

Now let us look more specifically at some of these effects, starting with
certain ultrasonic phenomena. In 1955, Blaha and Langenecker discovered a soft-
ening effect in zinc single crystals that were exposed to the influence of ultrasonic
waves. They attached an ultrasonic transducer to the end of a tensile specimen and
recorded stress strain characteristics. The result was a drop in apparent yield
stress while the specimen was under the influence of the ultrasonlc waves. Dr.
Langenecker is now at one of the Navy laboratories in California and has repeated
similar tests using single crystal aluminum and polycrystalline stainless steel
and beryllium. Some results are shown in Figure 3. It will be noticed that the
stress necessary, in stainless steel and beryllium, to achieve a certain percentage
elongation drops very markedly as the ultrasonic energy is increased from zero
up to about 600 we tts per square inch. In Figure 4, there is a similar drop for
aluminum. This drop in the stress strain curve can also be achieved by increasing I
the temperature at which the specimen is tested without ultrasonic vibrations as I
shown in the right hand side of the figure, but if we calculate the energy necessary
to achieve this drop in yield stress by using heat and compare it with the estimated I
energy to achlpv# fhe? samp result tising tiltrasoniu lergy, the latter is sufficiently
less to suggest a very definito -ff0vf from thb,, ll t-asonii waves themselves, in-
dependent of any temperature effects whieh might hat e resulted. This observation
has bic'. confirmed on tungsten where the diffArenefa hetwoen heat and vibrational
energies for the same results is much greater. It is believed that this effect is due
to the activation of dislocations by the ultrasonic energy, in their dissipation of the
ultrasonic waves, permitting them to move under very small applied stresses,
certainly smaller than would normally be necessary for the indicated amount of

plastic deformation.

This reduction in yield stress could be very important in design of new t
equipment for metal processing. A reduction in the force necessary for a certain
degree of defirmation should make possible some major reductions in the equip-

ment size, for example in rolling wide sheet or the rolling of very difficult alloys.
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Although this is very encouraming nrtheless we shoud not oyerlck some

serious problems, such as the means for introducing ultrasonic energy into the
work and properly controlling it. However, the attractiveness of this possibility
irt the design of new equipment is such that we are vigorously pursuing this
phenomenon, In fact, some tests are Aow being run in a very small experimental
rolling mill.

Another advantage of using ultrasonic vibration in metal working is the
reduction of frictional forces. Tube drawing experiments have been run. Figure 5
shows results for copper, using hydraulic force to give a constant drawing rate.
The decrease in drawing force when the ultrasonic power was applied is very
marked. In Figure 6, a dead weight was used to obtain a constant drawing force
for copper and zircalloy tubing. Here the increase in drawing rate is very notice-
able. The implication of these data is that much heavier reductions per pass can
be obtained using ultrasonics, since the mechanical properties of the final tubing
are not affected. In fact, advantage is already being taken of this in industry for
small diameter tubing. A free bonus is the impressive improvement in interior
surface finish of aluminum tubing, due to reduction in friction by drawing the
tubing over a vibrating mandrel. Ultrasonic vibration also has advantages in other
forming operations; for example, in reducing forming forces and, in the case of
die forming, filling the dies better. Figure 7 shows a curled tube cross-section,
using only half the normal force.

Of course, there are some limitations to the advantages of using ultrasonic
vibrations for reducing friction. For example, the biggest improvements are at
very slow drawing speeds, and as the drawing speed increases the advantage of
using vibrated dies decreases. Also, it might well be that with the use of the
proper lubricants and the proper die design we might obtain just as effective
results even more practically. However, it is important to recognize that we
have in ultrasonic vibrations an additional tool in metal processing; for example
where the use of lubricants might prove to be difficult to use at high temperatures,
ultrasonics could be effective.

Effect of ultra high pressures

Bridgman appears to have been the first person to have investigated quan-
titatively the effect of pressure on the tensile properties of materials. He showed,
with others, that the log of the reduction in area was a linear function of pressure, -

the equation* containing only two constants which could be readily determined, at

L original area C1 + P2
final area



least approximately. This equation has been confirmed ior steels and for some
alujiMnuam alloys but does not appear to be true for all metals. For example,
brass appears to gain little in ductility above about 90, 000 psi. In tests on poly-
crystalline zinc, Pugh observed what appeared to be a transition pressure of about
8,000 to 12, 000 psi below which reductions of area were less than 10% and above
which the reductions of area approached 100%; that is, there was by no means a
smooth linear relationship here.

Figure 8 shows tensile tests of pressed and sintered tungsten. The
specimen on the extreme right shows lhe normal brittle tensile fracture at room
temperature and pressure. At the extreme left is a ductile fracture when a hydro-
static pressure of 250, 000 psi was used during testing, and in the center is a
specimen which did not break when pulled to the capacity of the equipment under
a pressure 350, 000 psi but which showed considerable ductility. Polycrystalline
tungsten seemed to remain brittle at room temperature up to pressures of about
110, 000 psi. Above this amount it should be possible to deform tungsten a signif-
icant amount depending on the value of the pressure surrounding it. Figure 9 shows
similar results of room temperature compression tests on small cylinders of
beryllium. On the right hand side the edge cracking when the tests were run at
atmospheric pressure can readily be seen. On the left hand side are the results
obtained when the same amount of compression was performed under a fluid pres-
sure of 150, 000 psi and it is evident that there is considerable less edge cracking
if any, thus indicating much greater ductility of the beryllium under pressure.

The results which I have just described on the impressive increase in de-
formability of tungstea and beryllium, confirmed by rather extensive tests on a
variety of other metals, open up a ver* fruitful avenue for improving metalwork-
ing processes. It is worth noting that in those processes where the metal is actually
being deformed under high pressures, due to the mechanical constraints and forces
imposed on it, the metal's properties may well be different from those we measure
in the laboratory at atmospheric pressure, and therefore these laboratory proper-
ties cannot be safely used to predict deformation during processing.

Fluid to fluid extrusion

Some very interesting work has been done in extrusion by sut'ltituting for

the conventional ram a high fluid pressure, and forcing the material ihrough the
die into a7lower .kzid pressure container. This approach is shown schematically
in Figure 10. *Although this process has certain inherent problems such as the
compatibility of the pressure fluids with temperature, this approach has the ad-
vantages of a considerable reduction in friction both in the die and on the cylinder
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counterbalancing hydrostatic forces, and the opportunity to modify the process by
extruding from a very high pressure fluid into a lower pressure en" ronment
which nevertheless is still relativdly high. In the diagramatic sketc of Figure 10,
the receiving area which is marke-d as being at low pressure (p) is n iertheless
above atmospheric pressure, even as high as a few hundred thousand pounds per
square inch.

The work done thus far on this type of fluid extrusion has been limited to
fairly small pieces, approximately two inches in diameter, br'" there does not
seem to be any basic limitation on the process, other than the cost and difficulty
of making high pressure equipment of the proper size. Pressures up to now haire
varied from less than 40, 000 psi to about 450. 000 psi maximum chamber pres-
sure.

Figure 11 illustrates the results of tests of this type of extrusion on TZM
molybdenum alloy which was deliberately recrystalliz -," before extrusion, thus
increasing the expected difficulty for good extrusion. T he cracked specimen in
the lower part of the figure was obtained by extruding izitl an atmospheric pres-
sure zone. The uncracked specimen on top. which received the same 22% reduction
was extruded into a receiver fluid at 40, 000 psi. Tcst, -x a sintered tungsten rod
also gave a very sound extrusix)n qt 14% reduction whi,- the -'eeeiver pressure was
raised to 150, 000 to 200, 000 psi.

Texture

It is readily recognized that mechanical properties of metals and alloys
can vary very markedly with crystal orientation. This certainly is the case in
most hexagonal crystalline metals, where the anisotropy in mechanical properties
is generally considerable, and this is likely also in some of the cubic systems.
Therefore, crystal orientation and texture generally can be expected to be very
important considerations in metal processing.

An example of the effect of crystal orientation may be found in the study
of single crystals of beryllium. At room temperature and pressure, there are
just three modes of deformation !or the beryllium, as seen in Figure 12: slip on
the basal (0001) and prism (1010) planes; and twinning on the (1012) plane. It U
should be noted that both of the slip directions are perpendicular to the "c" axis
of the crystal; this there is no extension along that axis. The twinning mode does --

give a minor change in length along the "c" axis but requires a lateral displace-
ment to do so. In studies of the effect of even traces of impurities on the strength
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and ductility of beryllium, a very great improvement in elongation as a result of
basal •uip was obtained by zone refining a single crystal until a very high degree
of purity was obtained. Figure 13 shows the increasing elongations obtained as

* the purity was increased by increasing the number of zone refining passes. Cor-
responding reductions of the critical shear stress on the basal plane are also seen
on this figure. In Figure 14 there is illustrated a tensile failure of a pure single
crystal of beryllium with the basal plane oriented originally at about 40Q to the
longitudinal axis of the specimen. One could certainly expect that there should be
little fabrication difficulty with a material that appears to be so ductile, i.e. with
this high degree of elongation.

However, tests have been run on this apparently "ductile" material by load-
ing single crystals in compression perpendicular to the basal plane. The results
gave no evidence of plastic flow, and the stress level in both cases in these tests
reached about 285,000 psi before the specimen shattered and flew in all directions.
Yet in tension, this material showed 140% elongation! However, such results are
not really surprising when one recalls that there is no slip mode that exists along
the "c" direction at room temperature and recalling that the twinning mode is re-
strained by the lateral constraint of the faces of the die.

While this illustration may seem somewhat extreme, it does illustrate the
importance of orientation and texture in deformation processes and the danger of
generalizing or extrapolating from Just limited tests.

Superplasticity

A -- :mating phenomenon that might prove to be very important in new
concepts of metal deformation has to do with the unusual and often contradictory
changes in plasticity that occur under conditions associated with structural changes
in the atomic lattice such as phase changes and certain order-disorder reactions,
presumably associated with the temporary breaking of atomic bonds. No effect is
noted if there is no change in lattice parameter and conversely the greatest elon-
gations correspond to the greatest changes in lattice parameter. A classic example
is some work done by Sauveur in the torsion testing of iron over a temperature
range of 600-1200 C. This may well be the earliest work representative of this
phenomenon. Sauver and others since him found a relatively sharp increase in
ductility near the gamma to alpha transition as the temperature decreased. Fig.
15 illustrates this phenomenon In the form of Sauveur's torsion results. A series
of iron bars was heated at the centers to the temperatures indicated and simul-
taneously twisted in torsion. Obviously, when the temperature was high enough at
the center, considerable ductility was shown as indicated by the twists in the bars.
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However, at certain lower temperature areas along the bars. there was just as
much ductility if not more than at the center or point of maximum temperature.
These zones correspond to the Ar 3 temperature for that material. It will be seen
that between the center of the bar and the Ar 3 zones there is not the same ductility,
even though the temperatures were sometimes higher than those of the Ar 3 zones.
In other words, where the phase change was taking place, an unusual degree of
ductility was observed. Figure 16 illustrates this phenomenon in more recent work.
Here a low carbon steel bar was loaded in tension at a relatively low load,. rre-
sponding to 400 psi. When the center of the bar was cycled form 800 to 102)Q C so
that parts of the bar reached the critical temperature corresponding to the phase
change, unusual elongations were observed at these areas as compared with the
center of the bar where the temperature was actually higher. but too high for a
phase change. This change in elongation is shown on the two curves.

This ductility phenomenon. referred to for convenience as superplasticity,
has been studied in Russia extensively for about the last twenty years, The most
dramatic and spectacular elongation in some of this Russian work was obtained
with aluminum-zinc alloys near the eutectoid composition (80% zinc) at 275 Q C.
where elongations of about 650% were found without failure taking place. It is
evident that there exists a number of conditions in many alloy systems where there
is very low resistance to deformation and where one can find an extren-. ýy high
degree ul plasticity, beyond that. expected for the material even at much higher
tempera .ures. Besides the systems already mentioned. the phenomenon has been
found near the phase boundary of nickel alloys with chromium. copper. and in
various other aluminum systemR magnesium systems, copper zinc systems,
copper-iciikcl -vstems and others.

There is by no means agreement on a good explanation for superplasticity
that fits aii hi; ul.rn-nrxd dc..a or even agreement on a good definition cf superplas-
ticity. Evidently, the phenL.menon is re .-.i. to a clistvi i.uji• f the atomic lattice
under the application of stress. the availability of a metastable structure for sub-
sequent stressing, and the weakening of the interatomic bonds lhai Lakes plact
during the reconstruction of the crystal lattice, as the alloy achieves a state of
equilibrium. One dislocation mechanism to explain some of these observations,
by Porter and Rosenthal, suggests that piled-up dislocations at grain boundaries
and at other barriers produce stress fields which result in increased rate of
nucleation. When the nucleus starts growing, the advancing interphase provides
a sink for the piled-up dislocations resulting in observable plastic deformati In.
This suggested mechanism explains some observations but certainly not all.
However, as further work continues in an attempt to derive explanations in terms
of vacancies: dislocations, crystal structure, et.c., it is hoped that the phenom-
enon itself may become useful in the development of new deformation processes.



Conclusion

SIn concluding my r.marks on our metalworking processes and equipment
program, I would like to point out that the examples which I have given of a variety
of factors, from ultrasonics through superplasticity, merely represent examples
of a considerable body of knowledge which exists in the literature and represents
a tremendous amount of work stilU continuing on the behavior of metals, which we
hope can be taken into acaount in developing new processes and new equipment. One
of the main features of this program is the complete freedom to try to adopt any
new concept and any new metallurgical phenomenon to the design of new equipment
or to the development of a new technique. It is difficult, of course, to predict with
any certainty the results of a program such as this. However, although this prog-
ram was started primarily to permit practical processing of difficult materials
which, almost by definition, are hard to deform, it seems clear to me that f we
are successful in this objective, there is also a good likelihood that we will have
developed techniques and equipment which are cheaper, simpler, more productive
"or otherwise have advantages even for the more common metals. It is hoped that
by distributing the information from this program, widely, in the form of reports
and publications, there will be stimulation for nrany to try to apply this information
to new equipment. It is conceivable, thereffore, that in years to come there could
grow up a different kind of processing industry which could have a significant effect

Son the ec 3nomy, not only of metal working, but on the final metal products them-
selves, and in turn these could involve large sections of a country's activities -- the
industrial organizations, the material producers, the fabricators, the equipment
builders. Where big investments in capital equipment do not already exist, there
would seem to be particularly good opportunities to take advantage of new concepts
and new developments. One could hope, also, that these practical applications
would in turn mispire further studies in science and technology, thus furnishing
that productive exchange between science and engineering application which all of
us are trying to achieve.
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Fig. 4 Room temperature deformation of aluminum
under influence of ultrasonics vs. deformation
without ultrasonic activation at elevatedt tempe-
ratures.
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Fig. 10 Sketch of the set up for fluid to fluid extrusion.

Fig. 11 Results of fluid to fluid extrusion on TZM Molybdenum.

Fi. 2 eformiation Modes for Beryllium single crystals.
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TENSILE TESTS OF ZONE. REFINED BERYLLIUM CRYSTALS

Angle Between No. of Deformation Critical Stress
Axis and Basal Elongation

Passes Mode Kgr. cm

450 Ref. melted Basal 1 1 - 2500
Crystals

450 2 Basal 8.0 8.1 18 1750

450 8 Basal 50.2 100 160 500

Fig. 13 Effect of purity on the elongation on critical shear stress
of Beryllium single crystals.

Fig. 14 Tenvile failure of a pure Ingle
crystal of Beryllium.

Fig. 15 Sauveur's Torsion results.
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Fig. 16 Superplastlcily of Iron with 0,03% Carbon.



MATERIALS RESEARCH IN SUPPORT OF ADVANCED TECHNOLOGY

by S. Valencia and P.A. G. Carbonaro

Introduction

The United States Army maihtains an active research program to improve
existing materials and to develop new materials. Advanced technology is funda-
mental for developing optimum materials which can be applied economically in
military components.

Current trends of weaponry call for lighter weights, more intricate designs,
higher strengths, greater toughness, and, for certain applications, resistance to
high temperatures. These requirements, coupled wvth increasing labor costs, make
research essential. Not only is such research necessary, but there is a need for
the simultaneous accumulation of engineering data on new materials emerging from
the research laboratories. When a new production technique is suggested for econ-
omic consideration, the effect of the new processing technology on engineering
properties must be determined before that technique is qualified for productive
purposes.

The United States Army Materials Research Agency, located at Watertown,
Massachusetts, has a responsibility for the over-all broad Army program on
materials research. This paper covers the following selected areas of interest:

a. High-Strength Steel Castings

°o,. .



b. Precision Forming Techniques - Cold Swaging

C. Sub-Fusion Temperature Bonding

d. High Energy Rate Forging

e. Metal Removal

These processes augment rather than replace existing metal-shaping tech-
niques and, when properly applied, produce highly superior products. However,
it must be cautioned that before the processes are adopted, a study should be
made to determine if they are practical and economical.

High-strength steel castings

Shape castings play an important role in weapon components because they
lend themselves to intricate designs and offer great economic incentives over
shapes fabricated by competing methods. In recent years, with the achievement
of ultra-high strengths iu steels, there has been an apparent need(', 2) for up-
grading the technology associated with the production of shapes from these high-
strength steels. Accordingly, there has been a steady effort in the area of metals
research directed at obtaining a better understanding of the fundamentals involved
in the production of a cast shape. Int reasing the basic knowledge in solidification
of high-strength steels, fluid flow, moWl-metal reactions, response to thermal
treatment, etc., wouMl provide a firm basis for the design and processing of
military castings.

Two important areas of immediate consideration were determined by the
United States Army Materials Research Agency to be melting and refining, and
solidification. Melting and refining determines inherent metal quality, while the
Smanner in which metal solidifies determines the size and distributiou af the grain.

. . • . ... ,. . "• .



Research on Melting and Refining

It is generally recognized that sulfur content is an important influencing
element in steels. The greater the sulfur content, the poorer the mechanical
properties since the suihur tends to segregate during solidification. Because of
this tendency, the effect would be more pronounced with a cast shape than with
a forged structure. Standard methods of desulfurization employing a double slag
basic arc furnace procedure( 3) were investigated as well as rapid desulfurization
techniques( 4 ) that can be conveniently employed on small, experimental induction-
melted heats. The results of these investigations are graphically illustrated in
Figures 1 and 2.

In Figure 1 the ductility and toughness of arc furnace steels at constant
strength levels are plotted against sulfur content. Improvement in ductility and
toughness can be readily seen as the sulfur content decreases. Whereas in forged
steels sulfur content below 0.025 perceDt is of little concern, in the case of steel
castings there is a direct proportional increase in ductility with decrease In sulfur
content even with comparatively small amounts (0.010 percent) of sulfur. The
effect of sulfur upon the mechanical properties becomes even more pronounced
at the ultra-high strength levels.

Figure 2 shows, in bar-graph form, the effect of sulfur content on steels
at the tensile strength range of 275, 000 to 300, 000 psi. Silicon-modified 4340
steels at extremely low sulfur levels were compared with similar steels at the
0.017 percent level. The basic analyses and heat treatments were the same, and
yet by decreasing the sulfur content there was as much as a twofold increase in
ductility which is attributed directly to the decrease in sulfur content. The data
in toth Figures 1 and 2 represent results of controlled experiments where the
sulfur content was the only variable.

This type of data, combined with similar results from other engineering
laboratories and foundries, made possible the establishment of a specification
for high-strength steel casting, MIL-S-46052 dated 28 September 1962. This
specification, entitled "Steel Castings, High Strength, Low Alloy", cites the
following combination of properties for high-strength castings:

I



MECHANICAL PROPERTIES, MINIMUM

Yield Charpy V-Notch
Te.wile Strength Reduction Impact Energy
6: Stre,)ith 0. 2% Offset of Area at -40 C

Class -(Psi) (psi) (%) (ft-lb)

180 - 150 180, 000 150,000 20.0 15

220-180 220,000 180,000 15.0 12

260-210 260,000 210,000 6,0 9

With this limited but significant amount of work cirected toward upgrading
the melt quality, research effort was then increased in the area of solidification.

Solidification Research

The vulnerability of high-strength steels to metallurgical size effect has
been established but the exact cause for this effect has been the basis for a con-
tinuing study program. The effect could be due to grain size, nonmetallic in-
"clusions (size and distribution), microporosity microsegregation, or a combi-
nation of these variables. Studies of these variables have been underway at a
number of laboratories and universities(5, 6, 7) under Department rof the Army
sponsorship.

Of particular interest in this general area of solidification research has
been the study of dendrites, their formation and character,

Laboratory test ingots of silicon -modified AISI 4340 steel were cast in
such a manner as to provide a predetermined dendritic pattern. A typieal test
ingot is cylindrical, about 8 inches in diameter and 1 0 inches high, cooled so thatIs dendritic structure will vary, giving the researcher coiumnar as well as equiaxed
dendrites for study. Figure 31 shows a macrostructure of a transverse disk from
such a test ingot. The structure was developed by etching in a solution of 38 per-
cent hydrochloric acid, 12 percent sulfuri.c acid, anli r" percent water for 15
minutes at 170 F. The macrostructure contained a tvp.jea rnJumna, zone in the
outer portion with an equiaxed structure in the center portion.



The dendrites shown in Figure 4 were subjected to a variety of laboratory
tests to determine microporosity, inclusions, and information on the extent of
mtcrosegregation within and at the boundaries of the dendrites. With the aid of
an •lectron-beam analyzer it was possible to obtain quantitative chemical analyses
of very small portions (1-1/2 microns in diameter) on the sample. By taking a
series of analyses across a scan (a given distance), one can directly measure the
change in chemical composition across dendritic arms. The size of a dendritic
arm varies in the order of magnitude from 10 to 1000 microns and a rather com-
plete analysis can be obtained from such a cross-scan distance. The only prac-
tical limitation for this technique is that quantitative chemical analysis cannot be
obtained for elements below magnesium in atomic weight. Thus in the case of steel
one cannot analyze for carbon, phosphorus, and sulfur, but all other elements of
interest can be determined with the help of tI.. probe. Typical results of the probe
analysis are shown in Figures 5, 6 and 7 which indicate that conventional high
temperature homogenization treatments have little effect on the diffusion of the
segregated elements.

Future Requirements

Obviously any technique which may be generated to reduce the degree and
size of segregation will enhance the over-all properties of the cast shape. In other
stidies the effect of size and type of dendritic structure is being scrutinized since
the control of dendritic pattern within a cast shape will largely control the distri-
bution of segregated areas. If the combination of properties listed below can be
obtained as a result of this research program by establishing the necessary tech-
nology for actual manufacture, then the economical advantage is obvious for the
production of complex military shapes.

Limitations to the wider use oi high-strength steel cast shapes is primarily
associated with current knowledge in the field, and the type of research described
is required to establish the necessary fundamentals for ultimately advancing the
state-of-the-art through new technology.

p
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TARGET PROPERTIES FOR HIGH-STRENGTH,
TOUGH, SHAPED STEEL CASTINGS

Max. Crit. Yield Charpy V-Notch
Section Strength Reduction Impact Energy

Size 0.2% Offset of Area Elongation at -40 F
.• •.(in.) (psi) % ()(ft -1b)

160,000 - 169,999 25 14 24
3 170,000 - 179,999 24 13 22

180,000 - 189,999 23 12 20

190,000- 199,999 22 11 19
2 200,000 - 209,999 21 10 18

210,000 - 219,999 20 9 17

220,000 - 229,999 19 8 16
1 230,000 - 239,999 18 7 15

240,000 - 249,999 17 6 14

"Precision forming techniques - Cold Swaging

In another area, generally identified as "precision forming", the United
States Army has been investigating comparatively ne;•, and modified processes
which will yield a product requiring little or no machming in manufacture. The
new precision-forming technique discussed herein is a. further development of the
well-known swaging process. This process was selected for investigation in an
attempt to develop new techniques, not only to meet more exacting requirements
and to produce a higher quality product, but also to offset labor costs. This partic-
ular process consists of the plastic reshaping of r ibular workpieces by means of
high pulsating pressure applications produced by rotating hammer dies. While the
outside diameter of the tubular workpiece is being reduced, varied internal con-
tours (such as splines) can be produced by introducing into the inside of the work-
piece a contour mandrel whose shape can be reproduced on the inside of the tubular
workpiece.



Machine Tool

As part of a program sponsored by the United States Army for the develop-
ment and application of the technique, a contract was negotiated with a commercial
facility to design, develop, and construct a cold-swaging machine capable of pro-
ducing intricate internal contours within cylindrical components. The resulting
machine tool which is shown in Figure 8 was installed at the United States Army
Materials Research Agency. The machine is composed of two main units: (1) the
actual hammering unit known as the "head", and (2) the feeding unit known as the
"1slide"f.

The head contains the swaging mechanism which consists of all the com-
ponents necessary to complete the hammering operation. The schematic drawings
in Figures 9 and 10 show the main components of the head with the hammers in
the closed and open positions. The shaft, in which the four hammers are located
crosswise, is actuated by means of a 40-hp motor over a flywheel which is con-
nected to the motor by V-belts.

The twelve rollers, equally spaced through the roller cage, are equipped
at both ends of the rollers with a spacer ring. Spring power and centrifugal force
effect a steady contact between the sinusoidal back surface of the hammers and one
roller, and between the surface of the rollers and the liner, When the machine is
in operation, the shaft rotates rapidly, at approximately 250 rpm. As a result of
this rotation of the shaft, the hammers with their curved backs pass over the rol-
lers, thus exerting a powerful squeezing action on the workpiece through the
swaging dies. All hammers work simultaneously and the stroke is given by the
high point of the sine curve on the back of each hammer. The hammers apply
approximately 2000 blows per minute. Interchangeable dies may be used to permit
the processing of tube sizes ranging from 1/2 inch to 3 inches outside diameter.

The slide contains the workpiece feeding mechanism which consists of a
double screw drive with adjustable nuts. The screwsawikquthe slide carriage in
which the freely ro:ating push rod supporting the workpiece is installed. The
screws are driven b~y a Vari-Motor drive and chain drive, over a cross-connected
train of gears. This train of gears has two speed ratios and a special forward and
reverse quick-feed gear. The feeding speed can be set to vary from 5 to 100 ipm.
The slide is capable of feeding a workpiece with a maximum length of 60 inches
and a maximum feed load of 40 tons.

Besides the head and the slide just described, the machine is equipped with'
a mandrel drive and a back pressure attachment. The mandrel drive is used to
carry out all the movements necessary for the mandrel during the swaging oper-
ation and the back pressure attachment is required to gaide and keep the workpiece

7 -----



centered during swaging and to eject the work upon completion.

Applications

Examples of applications which have been under investigation at the United
States Army Materials Research Agency are: (1) rifling of small arms, and (2)
forming of both chamber and rifling of small arms in one operation.

Rifling Investigations

Typical of the investigations which have been conducted is the rifling
of .30 caliber rifle barrels. The material used for the blanks was SAE 4150
steel heat treated to a R.32. The starting tubular workpiece,, ased for these
investigations wer,' 1.350 inches outside diameter (0. D. ), C. 348 Inch inside
diameter (I. D.), and 30 inches long. Figure 11 shows the dimensions of the
workpiece prior to swaging, the rifled barrel after swaging, and the mandrel
used for rifling. Based on these dimensions, the percentage reduction and
elongation obtained was 14 percent. These tests have proved that the new
technique can hold close tolerances and produce good surface finishes. As
shown in Figure 11, the inside diameters have been held to within 0.0005
inch on the .30 caliber rifle barrels. In addition, the surface finish was
improved from 75 microinches to an average of 8 microinches. Finally,
the swaging speeds for these tests have been in the range of 10 to 15 ipm.
Experiments have also been conducted with the rifling of .60 caliber and
20mm rifle barrels and the results have been •,esfiul.

Swaging of Chamber and Rifling of Small Arms

In addition to the rifling tests, successful experiments have been
conducted recently which include the swaging of both the chamber and the
rifling of .30 caliber rifle barrels in one operation. The dimensions of the
starting tubular workpieces used for these experiments were 1.350 inches
0. D., Ci. 348 incheAl. D., a length of 23 inches and a counterbore of 0.472
inch I. D. wluh a depth of 1.770 inches. Figure 12 shows the workpiece prior
to swaging, the dimensions of the chamber and rifling after the swaging
operation, and the mandrel tool employed. The chambering and rifling
mandrel is a two-component tool joined in the manner shown by the draw-
ing.



During the swaging of the chamber portion, both chamber and rifling
mandrels travel forward together with the workpieces. Immediately upon com-
pletion of the chamber portion, the chamber mandrel separates from the rifling
manidrel and continues travelling forward with the workpiece while the rifling
mandrel is automatically locked in place within the throat of the dies and from
then on c'annot travel forward, although it remains free to rotate.

These experiments have further proved that the new technique can hold
close tolerances and produce good surface finishes, and that both the chamber
and rifling of small arms components can be formed by swaging.

Die Design

As must be expected, die shape for swaging is extremely critical and the
design illustrated in Figure 13 has been followed as closely as possible. The
factors affecting and limiting die design are as follows:

Entrance Angle

The angle which the inlet end of the dies makes with the horizontal
axis. This has been varied from 3Q30' to 5Q depending on the application.

DI- Radius

The radius of the dies at the throat must be 6 to 8 percent more
than the radius of the finished component.

Exit Angle

The angle which the exit end of the dies makes with the horizontal
axis. This has been varied from 1Q30' to 2Q30',

Die Material

Types of steels employed for the dies are listed as frliws:
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A 0.35 0.30 0.30 3.50 9.00 0 .40

B 1.00 0.70 0.30 5.25 -- 0.25 1.15

Die Hardness

"All 'les which have been employed have been heat treated to Rc63.

Die Lubrication

The lubrication and cooling of the dies is effected by a flange-
mounted pump. This same oil system lubricates the hammers and the
rollers. The oil being used is eight parts lubricating to one part cutting
oil.

Mandrel Design

The mandrel, of course, plays a very important part in the operation.
First of all. siie mandrel determines the internal contour and the mandrel suaface
determines the surface finish on the inside of the tubular workpiece. The materialh
which have been used for the mandrels are tool steels which have been heat treated
to an averie hardness of Rc6 0.

Unique Advantages of Swaging

Ad;autages derived by the employment of this process are not li. Ited to
the close tolerances possible or the fine surface finish which can be obtained. The
process holds waste of material to a minimum beoc-qe metal is displaced instead
of cut, and it reduces time on secondary operations to a minimummiace only end
trimming of parts is involved. Another particular advantage is the fac. that the
physical properties of materisal •re improved by the cold working. Furthermore,
since such a machine can be easily automated for all types of swaging jobs, the



provu5s mMake economicauy ieasibie tie mass production o0 parts. Finaliy and
perhaps the most significant advantage is the fact that in many instances swaging
proves to be the only feasible method of manufacture.

Cost Comparison

Subsequent to the research and development work executed by the United
States Army, several American manufacturers have produced improved versions
of the United States Army-designed machine. These machines are now commer-
cially available and some have already been installed at Industrial plants. One of
these machines is used by an automobile manufacturer for finishing the bore con-
tours of starter motor clutch housings. Several commercial firearms manufac-
turers in the United States also use the swaging machine.

The operations usually involved in the conventional and the cold-swaging
methods are:

Conventional Cold Swaging

1. Deep hole drilling 1. Deep hole drilling
2. Ream bore 2. Counter bore
3. Broach rifle profile 3. Swaging of chamber and
4. Machine chamber rifle profile
5. Hand ream chamber

The following cost comparison can be made to show the savings which are
possible by using cold swaging instead of the conventional method. The cost in-
formation was supplied by a commercial firearms facility which has two machines
in operation. The comparison does not include the costs involved in items such as
reaming oil, rifle broaching oil, .rap material, etc., since they are not required
for the cold-swaging method.



tpe.... .•Conventional Method Cold Swaging

IAbor Toolin- Lamor TooUa

Ream Bore $ 3.36 $24.17

Broach Rifle Profile 3.46 6.17 - -

Machine Chamber 3.64 9.88 1.25 1.90

Hand Ream Chamber 3.58 2.37 -

Cold Swaging - 3.07 -

Rifle -Mandrel - - 1.40

Chamber Mandrel - 4.00

Set of Dies - - - 5.00

Subtotals $14.03 $42.59 $4.32 $12.30

Grand Totals $56.62 $16.62

Sub-Fusion temperature bonding

A third area under investigation in recent yeare is the sub-fusion temper-
ature or solid state bonding process for joining ultra-high-strength materials.
Most high-strength materials, particularly alpha and beta type titanium alloys,
are susceptible to severe embrittlement when bonded by the more common fusion
welding techniques. Since these materials may be adversely affected by the fusion
welding, this section covers an engineering study of one such material (a titanium
alloy) to determine the feasibility of fabricating large-diameter rocket motor
casings by solid state bonding. Preliminary tests were conducted with the titan.. a

p alloy selected and subsequently the material was applied to a prototype component
since the test results indicated that the solid state bonling process could be, em-
ployed. This study was executed by the United States ..irmy Materials Research
Agency( 8 ) in conjunction with two industrial facilities as a joint program.



Material

The high-strength material selected for the study was TI-6Al-6V-2Sn alloy
which is capable of being heat treated to a minimum (0.1% offset) uniaxial yield
strength of 175, 000 psi. The supplier's analysis of the material used in the ex-
periment is as follows:

_Element (Weight %)

Heat No. C N2  C2  Al Sn Fe V K Cu Ti

D-2001* 0.027 0.022 0.19 5.4 2.0 0.72 5.7 0.0045 0.68 Remainder

D-2003** 0.025 0.026 0.17 5.5 2.0 0.73 5.4 0.0035 0.67 Remainder

*D-2001 was used to form hemispherical end closures

**D-2003 was used to form cylindrical center sections

Preliminary Heat-Treatment Tests

In order to determine the most suitable heat treatment for the completed
prototype component, specimens of the material were subjected to two different
heat treatments as shown in Table I along with the resulting mechanical properties:

TABLE I HEAT TREATMENT TEST DATA
Heat Treatment* Charpy V-Notch

(deg F) Y.S. Impact Energy
Solution Aging 0.1% T.S. Elong. R.A. at -40 F

Heat Temi). Temp. fks i) )ksi) )ft-lb)
1?8.5 190,0 6.0 9.2 6.0

2003 1630 1150 179.0 190.5 9.0 15.5 5.7
1 hr 4 hr 177.0 186.0 5.5 10.6 6.7

2001 WQ AC 176.0 1.35.0 5.0 9.9 6.0

181.5 192.0 5.5 12.2 6.4
1 hr 4 hr10 180.0 191.0 7.0 13.3 5.4
1 hr 4h 177.5 187.5 8.5 19.4 7,0

175.0 186.0 6.0 9.9 7.3

*WQ = water quenched; AC = air cooled

Standard 0.252-inch-diameter tensile specimens (MIL-T. 46038)
Standard 0.394-inch-square Charpy V-notch impact specimens (MIL-T-46038)
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Preparatory to fabricating the component, it was deemed necessary to
conduct a number of experiments to establish the processing schedules for the
actual forming operation and to conduct mechanical testing of the joint. The
processing variables included (1) Joint configuration; (2) surface finish; (3) heat-
ing media (oxyacetylene gas pressures); (4) loading pressures and cycle; (5)
bonding time; and (6) degree of upset (hot gather). Tests were conducted on a
test specimen, as shown in Figure 14, of similar configuration to the final com-
ponent. The results of mechanical testing are contained in Table U, as received
from the supplier.

TABLE H MECHANICAL TEST DATA

Specimen Ultimate
Diameter Area Load T.S. Elong.* R.A.

Specimen (in.) (sq in.) (1b) (ksi) (%) (%)
1 0.2490 0.0487 8080 165.9 16 32.2
2 0.2505 0.0493 8240 167.1 15 31.0
3 0.2505 0.0493 8220 166.7 14 24.3
4 0.2505 0.0493 8040 163.1 14 29.8
5 0.2505 0.0493 8080 163.9 14 28.4
6 0.2505 0.0493 8020 162.7 14 29.0
7 0.2505 0.0493 8120 164.7 14 29.0
8 0.2505 0.0493 8100 164.3 15 29.0
9 0.2505 0.0493 8120 164.7 13 27.8

10 0.2490 0.0487 8100 166.3 11 19.1
11 0.2500 0.0491 8140 165.8 13 28.1
12 0.2495 0.0489 8200 167.7 12 30.5

Average 165.2 13.75 28.2
*0.5-inch gage length.
Standard 0.252-inch-diameter tensile specimens (see MIL-T. 46038). All specimens
were taken perpendieular to bonded interface.

Prototype Component Fabrication

After the preliminary tests were completed, fabrication of the prototype com-
ponent proceeded. A cross-section view of the 22-inch-diameter cylinder is shown



in Figure 15. The end closure portions of the casing were hot hammer forged and
the cylindrical center section was hot ring rolled. Prior to the joining operations,
the cylindrical and the end closure sections were machined using accepted tech-
niques for machining of titanium. The first step in the bonding operation consisted
of placing one end closure and the center cylindrical section in the horizontal pres-
sure bonding equipment -shown in Figure 16. Joint interfaces were cleaned with
ether and the components were butted together with the use of a force applied through
the end olouure and cylinder shoulders. The inside surfaces were protected from
surface oxidation by means of purging gas. The joint was heated with an oxyace-
tylene flame ring to a temperature of approximately 1650 F in about 2 minutes.
Figure 17 shows solid state bonded motor casing indicating pertinent items. A
")onding pressure of 8000 psi was applied simultaneously with the neat, and plastic
flow occurred as the preselected temperature was approached. The pressure was
then dropped to 4000 psi and the bonding action was completed.

In order to bond the other end closure to the assembly, a similar cycle
was repeated and a suitable bonding was effected. After bonding, the fabricated
case was aged at 1100 F for one hour, followed by an air cool. Surfaces were
finished by machining to the required dimensions Indicated In Figure 15.

The fabricated case was then subjected to hydrostatic pressure and the
test results were satisfactory. Final product is shown in Figure 18.

These experiments demonstrated that fabricatioa of large-diameter rocket
motor casings by solid state bonding is feasible. It further demonstrates that with
the use of such a process, high-st! ngth alloys could be used with greater reall-
ability by eliminating the adverse effects encountered in common fusion welding.
In the particular case investigated, it would be impossible to fabricate the com-
poneat by any other known me,'hod and, therefore, this process represents a new
and econemical industrial capability.

High energy rate forging

A fourth area of interest which the United States Army has been investigat-
ing(9 ) is the application of high energy to the forming of metals, ceramics, and
other component materiala. Here again, this new process was selected for in-
vestigation because it offers production and economic advantages.

This particulma pzr.:ew. conaista of a metalworking machine that tpplies
high rates of energy to moaer-.is by means of a pneumatic hydraulic system. The



energy source con.aslts of anMacumnulator with -stored high pressure gases which
can be released practically instantaneously to actuate a piston that carries tool-
Ing to do aseful work in compacting, forging, or extruding. The compressed gas
drives the working piston at very high velocities.

Machine Tool

The high energy rate forging machine employed for the investigation dis-
cussed here Is shown in Figure 19. This machine is one of several models de-
veloped and marketed by a commercial facility.

This forging process has two major systems: first, a power source or
energy-producing section, and second, a reaction system to absorb the high
forces that can be produced. A better explanation of how the process workl can
be given by describing the schematic shown in Figure 20. The driving section or
power source consists of a simple cylinder divided into two chambers by means
of an orifice plate (Figure 20). Riding in the lower portion of this cylinder (Chamber
B) is a piston which carries the working tooling. This piston carries a sliding seal
that acts on the inner wail of the cylinder portion of Chamber B. Attached to the
upper face of the piston is a resilient seal.

To facilitate explanation of the operational features of this process, let ft
be assumed that the cylinder has an inside diameter of 3.5 inches and that the
orifice plate has a hole 1 inch in diameter. Thus the cross-sectional area of the
cylinder and the orifice would be approximately 10 square inches and 1 square
inch, respectively. If Chamber B is pressurized with gas to 200 psi, negleeting
the area of the ram, a net force of 2000 pounds is generated on the lower face of
the p1sloc. This force causas the pistm to seal tightly against the orifice plate.
Chamber A can now be pr-ssitriveA to 2000 psi without causing movement of the
piston assemblv. in the ready positin- +W 23(000 psi presdure acts on the exposed
piston arca of approximately 1 square ireh. The system is now in equilibrium. If
the pressure in Chamber A is inereaset •00441y, a ubt force is generated against
the piston causing it to move away from the orifice plate.

A slight displacement allows the 2000 psi pressure of Chamber A to act
over the entire upper face of the piston, thereby producing a propelling force. of
20,000 pounds in leas thaa one mill i'-,ond. 'This propesling force, applied to the
piston, produces ipstantaneous ve]ocities of several hundred inches per second,

The piston is returned to its original firing position by pumping high pros-



sure oil into Clambe'r B, forcing the high prossure gas back rto Chamber A, aw
reseating the upper face of the piston against the orifice plate. After the seal is
made, the oil is bled from the system and low pressure gas (200 psi) maintains
the piston in position; the system is again in equilibrium awaiting the next firing
cycle.

The reaction system, essentially a simple combination hydraulic and pwe-
matic recoil mechanism, is required to compensate for the high forces that are
produced. This system consists of two pistons attached to the tie rods of the frame
riding in a cylinder section as shown in Figure 20. The recoil mechanism tends to
maintain the machine in a predetermined position.

Application

Typical of the applications under investigation at the U. S. Army Materials
Research Agency is the forming of a prototype componout for the "Redeye" high-
explosive case shown in Figure 21. To determine the feasibility of producing the
component by the high energy rate process, experimental quantities were Zabric-
ated. The component is currently being formed by conventional upset forging
techniques.

The forgings made by the high energy rate process were formed from
6AI-4V titanium alloy billets (2.830 inches In diameter and 1. 760 inches in length)
heated in air and forged from a temperature of 1750 F utilizing a fire pressure of
1000 psi. This pressure corresponds to an energy level of approximately 57,100
foot-pounds. A stroke of 10 inches was held constant for all forgings. A water-
graphite mixture applied to the punch and die by means of a spray gun was used as
a lubricant.

Tooling

To carry out the feasibility studies and at the same time have appropriate I
tooling for other types of research programs, a set of universal tooling was ob-
tained. It was designed to allow for maximum versatility and can be used for closed
oavity extrusion molding, forward extrusion, and forging of small components by
interchanging the various die sections. The universal die holder is shown in Fig. 22.



A set of forging tools was designed and fahbricated to form the component
for the Redeye high-explosive case. The design of the die used in conjunction with
the set of universal tooling incorporated a threaded section within the die cavity
(see Figure 23) into which the forged material would flow and thereby lock itself
within the die. This arrangement made it possible to strip the forging from the
punch upon retraction of the ram. The forging (Figure 24) was then unscrewed
from the cavity by means of a special tool designed to fit the two projections at
the rim of the forged cup. These two projections are formed at the time the corn-
ponent is forged by means of depressions at the shoulder of the punch shown in
Figure 25.

Cost Comparison

The following cost compariscn can be made to show the savings which are
possible by replacing the convevtional upset forging method by the high energy
rate process.

Items Conventional High Energy

Method Rate Method

Forging Operation $ 48.00 $ 96.00

Starting Workpiece 834.00 588.00

Totals $882.00 $684.00

Savings per 100 units $198.00

The difference in the cost of the starting workpigeis based on the fact
that 2.78 pounds of material are required for each item whn produced by the
conventiomal method and only 1.96 pounds are required per item for the high
energy rats proc.ss. The cost of the titanium alfoy for the comparison was as-
sumed to be $3.00 Ar pound.

The difference in the cost of forging is based on the fact that two operators
are required for the high energy rate process, whereas onay onw operator is re-
quired for the conventional upset forging method.



Advantages which can be derived from the employment of the high energy
rate forming process are not limited to material savings. This process also offers
economic benefits in the production of better parts with smoother finishes and
finer grain structures. For some applications, this process enables the part to be
forged in one operation, thereby reducing the time and tooling costs involved in
secondary operations. Another particular advantage is the fact that even the most
difficult refractory metals have proved malleable when subjected to the high velocity
rates generated by this process. Finally, high energy rate forming provides an ad-
ditional fabrication technique for the design engineer's consideration.

Metal removal

The last area of interest discussed here is the removal of metal at high
velocity utilizing advanced ceramic cutting tool materials.

The critical supply of the materials commonly used for metal-cutting tools
has always played an important role during periods of emergency. Difficulties in
procuring tungsten carbide and high-speed tools during emergency periods indicated
that it was mandatory to obtain a satisfactory nonstrategic cutting tool. Hard
ceramic materials are available in abundant supply and can be used in place of
tungsten carbide cutting tools and high-speed steel tools for some applications.

In view of the foregoing, the United Sts s Army Materials Research Agency
has been engaged in recent years in a continuwg program designed for the advance-
ment of the ceramic cutting tool in this country. The program has been carried out
as a joint program between the United States Government, industry, and universi-
ties. Therefore, the following review of ceramic tools represents the result of a
joint effort rather than the test results of any of the numerous projects carried on
or isionsored by the United States Army.

Ceramic Tool Manufacture

At the present time, all ceramic cutting tools being produced in quantity
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are manufactures from aluminum oxide.

The current methods of ceramic tool manufacturing are the cold-pressed
and hot-pressed techniques. The cold-pressed technique consists of forming the
powdered alumina under pressures of 40 to 60 ksi followed by sintering in an
atmosphere-controlled furnace at temperaturesi of 1700 to 1950 F. The second
technique consists of simultaneously applying heat and high pressure to the alum-
ina powder in a graphite crucible or mold. The second is more expensive but it
produces a cutting tool with better physical properties. In both techniques, grain
growth inhibitors are added to avoid excessive grain growth which embrittles the
material.

At this Agency all evaluation studies have been conducted on a 2-1/2-inch
turret lathe equipped with a dynamometer and recording instrumentation as shown
in Figure 26. This turret lathe has a maximum rotational speed of 2000 rpm
actuated by a 35-hp, drive motor, and is equipped with variable speed control.
Speeds of approximately 3500 surface feet per minute can be obtained if a work-
piece of suitable diameter is employed. Other cooperating facilities conducted
engineering studies under simulated or actual production conditions and attained
machining speeds of 7000 surface feet per minute. The ceramic test results gen-
erated with this Agency's machine, coupled with the test results from other labo.-
atories, have improved the status of ceramic tools.

Tool Design

The most common type of ceramic tool is the disposable insert type (see
Figure 27) which is produced in square, triangular, and circular shapes. The
negative rake angle is generally preferred because the negative rake blank offers
six to eight cutting edges, according to its particular shape. The positive rake
square blank presents four cutting edges, and would, therefore, seem less econ-
omical.

A narrow negative land honed on the edge of the tool decreased the tend-
ency of the tip to shear off. The nose radius should be as large as possible but
small enough to prevent dangerous chatter and vibrations which shorten tool life.



Machining Test Results

Ceramics have proven successful in machining all materials except for
certain high-temperature steels such as the high aiiqkel a~loys, and certain light
metals such as aluminum and titanium. The high-temperature steels appear to be
too hard and abrasive to machine effectively. The reason for the difficulty in
machining !Ight metals has not been clearly established by investigators.

There is very little tendency for "built-up edge" to develop in ceramic
cutting because there is less material adhesion than with other tool materials.
The appearance of the chips produced in ceramic operations (see Figure 28) is
different from that of chips produced by other cutting tool materials.

Excellent workpiece surface finishes can be produced, particularly in the
high-speed range. Workpiece and cutting tool remain cool provided the cLip breaker
is adjusted properly. Coolant is not generally used during machining.

Ceramic tool failure occurs either by a sudden catastrophic fracture of a
laige portion of the tool or by a wearing away of small particles. However, it
must be pointed out that vibrations and interrupted cutting have deleterious effects
on ceramic cutting-tool life. Under certain machining conditions, ceramics can
perform at cutting speeds at least 100 percent greater than those used with
carbides.

Production Problems

Although considerable experimentation has been carried out by industry,
universities, and the United States Government, and ceramic tools have been tried
on a number of machining applications, there are several problems wJich are
currently inhibiting the ,universal use of ceramics in production application. One of
these problems is the fact that specially trained operators are required for the
successful application of ceramic tools. Another problem is directly related to
machine tool requirements which are mandatory for attaining maximum efficiency
in the utilization of ceramic cutting tools. In high-velocity machining, the speed of
the machine must be correlated with adequate power supply. There is indicated a
need for specially designed machine tools to take advantage of ceramic cutting tool
techniquez, Therefore, manufacturers who have decided to utilize ceramic cutting
tools have had to make homemade additions to standard machine tools. Because of
this, the production advantages gained from ultra-high machining speeds have been
sacrificed.



Finally, the most important problem is that of economics. The cost of
ceramic tools is at least twice that of high-grade carbides. Furthermore, ceramic

tools with their negative rake angles and the higher speeds utilized in ceramic tool

cutting require increased power consumption, resulting in higher costs.

Advantages

Ceramic cutting tools offer the following advantages:

1. Ceramic materials are readily available

2. Ceramic tools have a longer life due to high hardness at both room
temperature and elevated temperature

3. Machining can be carried out at higher speeds thus decreasing

machinin time

4. No built-up edge is generated

5. Finish of workpiece is improved

General Remarks

Increased usage of ceramic tools Is dependent on (a) greater familiarization
by the tooling engineers, (b) specific application, (c) availability of adequate ma-
chine tools, and (d) economic consideration.

In the event of shortages of the more commonly employed cutting tool ma-
terials, ceramic tools will serve as a substitute material regardless of economic
considerations.



Summar

As stated In the introduction, the areas of interest covered in this paper
represent only a sample of the current United States Army MWterials.Research
Agency programs.

The casting studies conducted to date indicate that eveu greater effort must
be expended to obtain a more fundamental understanding of the variables associated
with solidification. There is a need for advanced castings technology but this cannot
be done without basic data. Therefore, current United States Army programs are
oriented toward materials research.

The rifling of barrels by swaging promises to become an acceptable proc-
ess after the current experimental techniques are perfected and the pilot plant
studies are completed. Rifling now produced by broaching will show substantial
cost savings when produced by swaging. Furthermore, the new technique will
provide the deslgii engineers more latitude since such a machine tool will make
inner contours unobtainable by other methods.

The sub-fusion temperature bonding experiments have demonstrated that
in some cases advanced technology makes it possible to successfully employ
certain materials such as the high-strength tianium alloy used to fabricate rocket
motor casings. Employment of the solid state bonding process eliminated the ad-
verse effects encountered in common fusion welding. In fact, the prototype com-
ponent under investigation would have been impousible to fabricate by any other
known method.

The high energy rate application studies conducted to date, although limited
in quantity, indicate that such a method of forming opens new design possibilities
since the process offers versatile production capabilities. The process can be
used to forge, extrude, compact, upset, or perform any similar forming oper-
ation. Furthermore, advantages which can be derived by utilizing the high energy
rate forging process include better parts, smoother finishes, less metal loss,
and simpler tooling. Another particular advantage is the fact that the technique
makes it possible to process refractory metals which are difficult to form.

Finaiiy, the work in ceramic cutting tools carried out at the United States
Army Materials Research Agency has stimulated considerable interest in the
ceramic cutting tool industry in this country. The work continues but its full ac-
ceptance still has many obstacles. There is a need for educational programs be-
fore ceramic tools can be fully incorporated in the production line. Furthermore,
the development of more adequate machine tools is essential. Availability of
specially trained personnel and improved machine tools should increase the use
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of ceramics.

The selected areas covered in this paper confirm that research is essential.
Continuing materials research will advance the technology necessary to develop
optimum materials for economical application of military components.

D _____________
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Fig. 3 Typical Macrostructure of Experimental Casting Cross Section

()COLUMNAR ZONE - AS CAST
(b) EQIJIAXED 70NE - AS CAST
(c) SECONDARY DENDRITE ARMS - AS CASTz
(d) COLUMNAR ZONE - AFTER HEAT TREAT1MENT

e)EQO fAXED ZONE - AFTER HEAT TREATMENT

Fig. 4 Metallographic Specimens Used for Microseggregation Studies.
Microanalysis is Limited to Enclosed Areas of Photomicrographs.
Magnification! 6X as Cast
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Fig. 9 Head with Hammers in Closed Position

Ftjg 10 Head with Hammers in Open Position
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Fig. 16 Pressure Bonding Apparatus - During Bonding

(A) JOINT INTER-FACE

(B) SHOULDER

(E)-- (C) APPLIED LOAD USING
HYDRAULIC PISTONS

(D) ARGON
(A) (F) OXYGENACETYLENE(A)- .FLAME RING

(F) UPSET

(D)C

/• / ACEYENE

//

(C)-/ XYGEN

Fig. 17 Solid State Bonded Motor Casing - Bonding Procedure
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Fig. 18 Pressure - Bonded Casing -Machined

Fig. 19 High Energy Rate Forging Machine
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Fig. 20 High Energy Rate Forging Process

"Fi. 2- -i.v Case

Fig.? 21 P1y Hgh-Exloie Cs



\xXI,

Fig. 22 Universal Die Holder and Striper

DIE (I[RIDYmb euE )

Fig. 23 Redeye Component
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Fig. 24 Redeye Component Forged from GAP-4V-Ti Alloy

Fig. 25 Punch - REleye Component



Fig. 26 Mafchine Tool

Fig. 27 Typical Tool - Holder fcr Throw-Away Carbide or Ceramic
Blanks
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Fig. 28 Chips Produced with Ceramic Cutting Tools



xxv

A RDU DE ELETRODOS GMANTES PARA SOLDAGEM
EM LIGA COBRE-COBALTO-SILfCIO(*)

S6rgio Augusto de Souza (*
ADLiz, C. Correa eta Sil~va(*)

RESUMO - 0 trabaiho relata. a experiencia da Divisao de
Metalurgia do Instituto de Pesquisas Tecnol~gicas de Sao Paulo
na produgao de eletrodos girant_-s em liga c~ore-cobalto-silficio,
para utilizagao em m~quinas de sokiar. Os trabaiihos realizados.
no I. P. T. visaram atender, no possivel, as necessidades da in-
ddstria local e evitar a total dependencia de -nmportagoes.

12 Apresenta-se urn resumo dos principais fate-s e clados referentes
aos eletrodoc. para m~quinas de seldar. Descreve-se: a t~cnica
de fundipao dos aneis; o m~todo de dimensionamento dos m--smos
para conveniente forjarnento posterior; a tecnica de forJamento
empregada e a execuf:ao dos tratamexntos tIdrmicos n-ecessairios.I; Sao apresentadas macro e micrografias visando ilustrar a estru.
tura dos eletrodos fundidoo e forjados e dos eletrodos fundidos,
forjados e tratados termicamente.

()Contribuigao TAecnica apresentada ao XEX Congresso Antial cia Asociagao
Brasileira de Metais; Sao Paulo, julkio de 1964.

(*)Membro cia ABM, Engenheiro Re3ponslvel pela Sec4;ao do Upgs Nao-
Ferrosas do tustitato do Pesquisas Tecnoibgicas.

(*)Membro da ABM, Chefe cia Divisao do Metalurgia do Instituto do Pesquisas
Tecnoldgicas; Professor de Siderurgia da Escola Polittcnica da U. S. P.



1. INTRODUCAO

A Secqao de Ligas Nao-Ferrosas do Instituto de Pesquisas Tecnoldgicas
tern recebido, frequentemente, pedidos para confecqao de aneis em liga de cobre
de alta condutividade para serern usados como eletrodos girantes. Os pedidoe va
riam quanto ao tamanho dc-1 mesmos e quanto a liga, que pode ser de cobre-cro
mo, cobre-nfquel-silfcio, ,)bre-cromo-silfcio ou cobre-cobalta-s ilic io. Atual.-
mente a prirneira e a ditima das ligas mencionadas estao sendo preferidas, prin
cipalmente a liga cobre-cobalto-silfcio, que 6 objeto deste trabaiho.

A princtplo, para atender os Interessados, o processo usado era o de se
fundir siniplesmente as pegas e entregl-las no estado bruto de fusao, para que
aqu6les fixessem as trat~amentos tdrrnicos necessdrios. Algumas pegas apresen
tavam defeitos de fundigao, tais coma: boihas, porosidades, inclusoes de esed-
ria, trincas, sendo entao decidido mudar-se a processo de confecipao dos aneis,
passando-se a forjg.-los, del- ts de fitndidos convenienternente. Devido ao cargIter
especial deste, processo, relata-se aquf o estudo relativo as condigoes de fundi--
gao e de forjamento desses aneis.

2. CARACTERISTICAS DESEJAVEIS PARA OS ELETRODOS

Urn eletrodo girante para solda eletrica contfnua de tubos, aplicagao prin

cipal destes aneis, deve apresentar as seguintes propriedades(l)(2 ):

a. Dureza elevada, entre 120 e, 200 Brinell.

b. Dureza elevada mesmro a altas temperaturas.

C. Condat-ibilidade eldtrica 1'ý tdrinica elevadas.

d. Boa resistencia rnec~nica.

e. Reduzida tendencia de se fundir corn as peqas a serem soldadas.
A ista, deve-se a grande desgaste a que o anel fica sujeito durante
o seu usa.
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3. TECNICA UTILIZADA NAS EXPERIENCIAS REALIZADAS

A t~crnica utiliada ccnsistiu nas seguintes operagoes: fundigao dos aneis
em areia, seguindo-se a rebarbagao, e forjamento desses aneis fundidos atd as di
mensoes desejadas, de tal modo a garantir cerca de, 50% de redugao na. espessura;
por fim, seguirarn-se os tratamentos t~rrnicos necessarios.

No forjamento h.1 naturalmente, uma varia~,ao dimensional de diffcil previ
sao, sendo necesslrio estudl-la no decorrer da operagao. Para facilitar o estudo-
fundiu-se urn anel menor que Os que se tern feito habitualmente, mas cujas di-
rnensoes gaardararn as masmas proporpoes dimensionaia quc estes.

0 processo de forjamento foi realizado medindo-se a espessura, o diame-
tro interno e o diametro externo do anel em diversos estagios da, operagao. Para
os objetivos deste estudo, considerou-se que Lima deformagao de 50% era satisfat6
ria (diminuigao da espessura do aael a metade da mnicial). Esta deforrnagao deve
normairnente ser suficiente para assegurar o fechamento de bolbas e porosidades
internas, bern cono, para promover uma estrutura mais fina em consequencia do
recristalizagao.

4. EXPERIENCIAS REAUJZADAS

Corn a finalidade de meihor esciarecer o trabaiho realizado, parece inte-
ressante apresentar urn relato mais detaihado, dam duas primeiras experiencias
realizadas. It de, notar, porern, que ap6s essas experiencias que visararn a ob-
tenpao de, dados sobre o comportamento dos aneis no forjamento, forarn produzi
dos corn sucesso mais de dez aneis forjados, para atender a solicitagoes da, in-
ddstria local. Ox resultados de. mais dois forjarnentos sao dadou em tabela no
firn do trabaflho.

4.1. Primeira experiencia

Fundica

0 processo usado para. a fundipao do anela sen fonjado nao, se di-
ferencion muito do utilizado habitualinente.

As dunensoes do modelo usado, para a confecpao do anel foram as
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seguintes:

Diametro externo (D): 53 cm
Diarnetro interno (d): 37 cm
Espessura: 10 cm

o molde fol feito corn a seguinte areia:

Areia do mar: 60% (mddulo do finura: 90 a 100 AFS)
Areia usada: 40% (m6dulo de finura: 90 a 100 AFS)
Argfla: 4% da areia base
Mogul: 1, 5% da areia. bass
(Siso + breu 2% da. areia base
Agua: 5% da areia base

o molde fol estufado a cerca de 200 Q C durante duas horas, sendo,
depois colucado inclinado do mals ou meanos 109,, corn rela~aoa horizontal, para
o vazamento (Figs. 1 j2).

o sistema de alimentagao esta indicado nas Figuras 1 e 2. Foi fei
to urn canal do descida oposto ao massalote; partindo desde canal hA 2 canals de
distribuipao cada urn corn 3 canals de ataque (de entrada). 0 massalote dnico f i-
cou situado na parte maim alta do molde. Assim, conseguiu-se que o metal, ao
entrar, percorresse todo, o molde, nos dc-s sentidos e tangencialmente as pare-
des do mesmo, indo, se encontrar praticamente no massalote. A inclinagao dada
serviu para ajudar a alimentagao. As dimensoes doe canals foram as seguintes:

Canal de descida: diametro do 4,5 cm
Canal de distribuigao largura de 6 cm e

e canals; do ataque: espessura do 2 cm
Massalote: largura de 10 cm,

espessura do 30 cm, e
comprimento do 15 cm

Jung~ao do massalote largura de 6 cm;
a peqa: espessura de 11, 5 cm, e

compri,mnento de 6 cm.

o molde foi pintado corn mistura de grafita, dextrina, bentonitae
A1gua.

Fusao, da liga: a liga fundida deveria ter a seguinte composigao:
2, 5% Co, 0, 5% Si e o restante cobre. Como as perdas por 6xidagao do cobalto
e do sill1cio sao relativamente elevadas, adicionou-se urn excesso do 0, 5% Co e
do 0, 3% Si para compensd.-las.



A preparagao da liga procede-se habitualmente corno segue: prepa
ra-se prirneirarnente urna liga auxiliar ("'liga-mae"l) de cobre corn todo o cobalto
e silfcio; funde-se o cobre, protegido, ia- atmosfera por esc6ria apropriada, para
evitar excessiva oxidagao do banho, ernbora este deva estar levernente oxidado a
fim de so eliminar ou evitar a entrada de hidrogenio. Quando o cobre estiver fun
dido, adiciona-se a liga auxiliar, retira-se a esc6ria e procede-se ao vazarnentio.
A desoxidagao da liga 6 feita pelo pr6prio silfcio de carga, o qual 6 colocado, em
excesso.

Na prirneira experiencia realizada aproveitou-se, porern, suicata
de aneis defeituosos e de canals de corridas anteriores, usando-ýse sornente 50%
de carga nova. Cobriu-se o banho corn urna mistura de borax e vidro em Cacos,
para protegao. Depois de fundida a carga e colocada a "1liga-mae", retirou-se a
esc6ria fluida e procedeu-se ao vazarnento a 1200Q9 C aproximadamente. Do forno,
(que no caso era urn forno tipo Fisher, a 6leo corn cadinho, carborundum), vazou-
se numa parela prdaquecida dotada, de "bico de chaleirati para depois vazar-se nr,
mokie. A liga auxiliar foi preparada nurn forno do induqao, tipo Ajax, em cadinlio
de grafita.

Retiraram-se cavacos dos canals para an~.lise qufmica, a qual acu
sou 2. 81% Co e 0, 68%Si. Ass ir, verificou-se quo basta urn excesso do 0, 2 a 0, 3%/
Co e de 0, 2% Si para quo a liga final fique dentro cia especificagao.

A dureza ia. pega simplesmente fundida foi do 47 Rockwell B.

As dirnensoes da pega fundida forarn as seguintes:

Diametro externo (D): 53 cm
Diametro, intorno (d): 36 cm
Espessura: 9, 9 cm

Defeitos e dificuldades observados:

a) Aparecimento de "chupagem" na parte wide o massalote esteve uni
do a pega. Esta. dificuldade foi vencida pelo uso do umn massalote

dotado de urna juiiqao mais grossa e rnelhor dimensionado, conform* arti-
gos especial~izadoe em calcule do canais em lUgas do cobre( 3 )(4 ).

b) Aparecirnento de urna superffcie rugosa e acidentada na parte onde
o metal mntrou na perpa pelva canals de ataque. Consegulaa-se meiho

rar muito, o aspecto da. superffcie, colocand -so om ca~ua do ataque tang(en
c"ial pega.

c) A entrada de escdria no molde foi evitada corn o uso do "bico de



* eira'" na panela de vazamento.

For jamento

Depois de rebarbada a pega, ela foi encaminhada para o forjamen
to. Nesta primeira pega, procurou-se apenas vex ificar a sua forjabilidade e o mo
do como se deformava durante a operagao.

Aqueceu-se o anel aW cerca de 900Q C e forjuu-se at uma espes-
sura de 6 cm, medindo-se, entao. os diametros interno e externo, de modo a so
ter uma primeira iddia das deformagoes. A seguir, vcltou o anel para o.-orno dle
aquecimento (forno aquecido a 6leo corn magarico), a fim de reaquece-lo a 9009 C.
Forjou-se depois att uma espessura total de 5 cm e procedeu-se a inedida dos
diametros. Teve-se uma reducao de 500% de forjamento. A tabela ieguinte fornece
as resultados.

Espessura (cm) D (cm) d (cmi)

9, 9 (inicial) 53 36
6,0 64 43
5,0 66 44,5

A pega forjou bern, nao apresentando empenamento, deixando ape-
nan de permanecer perfeitamente redonda -as medidas dos diametros externo e
!nterno corresponderam a m~dias de vArias medidas, pois em certas regioes da
pega houve major ou menor alargamento). Isso deveu-se a fcrjamento nao unifor
me, forjando-se mais fortemente algurnas partes e menos outras. Na regiao on-
de estava situado o massakote -notou-se o inkiv de uma trinca superficial, do-
monstrando ser essa uma regiao crftica.

Constatou-se, portanto, que a liga usada 6 perfeitamente forjAvel
na temperatura inicial de 9009 C e que, para se obter alargamento uniforme, nao
se deve usar o martelIo de forja muito fortemente ou corn pancadas desiguais.

"N ~A dureza da pega forjada subiu para 52 Rockwell B.



Tratamento t6rmico

Sendo esta questao niuito crftica para o caso de ligas de cobre de
alta condutividade, pois 6 o que determina praticarnente as propriedades mais irn
portantes para o uso da liga, serd feito urn estudo que tratarl exciusivamente des
te problema, e que serl. objeto de trabaiho posterior. No entanto, convdm citar
os resultados obtidos.

Depois de forjada, a pega foi submetida a urn tratamento de so]---
bilizagao e precipitag~ao. Estes tratarnentos foram feitos da seguinte maneira.-

- Solubilizagao: aqueceu-se a pega a 9009 C durante 2 horas, res
friando-se em dgaa.

- Precipitavao: aqueceu-se a pega a 45 0Q C durante 3, 5 horas, res
friando-se ao ar.

A dureza obtida ap6s a solubilizagao foi de 54 Rockwell B. A dure
za obtida ap6s a precipitagao foi de 76 Rockwell B.

4.2. Segnda qer~iencia

Fundieao

A tdonica de fundigao usada foi a mesma jI descrita, exceto no que
diz respeito a matedria prima: devido ao excesso de cobalto e de si~lcio verificado
na analise da. corrida. anterior, adicionou-se menor quantidade desses elementos.
Assim, os teores de cobalto e de silfojo introduzidos na carga por interm~dio da,
liga auxiliar foram de 2, 8% Co e 0,7%o Si, o que correspondeu a uam excesso de
apenas 0, 3% Co e 0, 2% Si.

A analise qutmica desta segunda corrida revelou: 2, 76% Co e 0, 52%
Si, o restante sendo cobre, composigao essa geralinente recomendada. para esta
liga.

Procedeu-se normalmente ao vazamento, inicialmente pelo canal de
descida at6 encher a pega, terminando por vazar pelo massalote para mellior as-
segurar a limentagao.

As medidas da pega fundida foram as seguintes:
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Piametro interno (d): 35, 5cm
Espessura: 908cm.

As dimensoes do's ca-nais foram as seguinte's:

Canal de descida,: diametro de 6 cm
Canal de distribuicao: largura de 6 cm e

espesisura de 2 cm,
Tres cainais de P-taque: largura de 6 cm, cada urn

e espessurn de 2 cw,
Massalote: largura de 10 cm,

espessura de 28 cm. e
comprimento de 20 cm.

Junpao do massalote a largura de 8 cm,
pepa: espessura de 13 cm, e

comprimento de 8 cm

For; w-nento

0 foria 'mento dai paga foi xrealizado conforme foi programado, isto
e, partmndo de uma espessa~a de to cm - pxtaticamente), forjou-se em etapas, re
duzindo-se a" espe-9sura de cendfmetro em. cent~netro at atingir-se uma espessu
.ra final de 5 cm aprcximadamente. ,cada ve"- que era reduzida. a espessura de 1
cm, media-se o diaxnetro externo e o diametro interno para se observar a defor-
maipao.'Apids cada, medida, a pega'retornava ao forno de aquecimento para atingir-
se de novo a temperatura de forjameznto (900Q 0). Obteve-se, assim, a seguinte
tu!'.-la:

Espessura (cm) D (cm) d (cm)

P853 35,5
9,0 56 38
8,0 57 40p6,8 61,5 41,5
5,9 65,5 43
5,0 67 44



Tratamento tdrmico

Foi o mesmo, que na experiencia anterior.

5. ANALISE DOS RESULTADOS OBTIDCOS

Corn as medidas feitas, pode-se trapar alguns grdficos ilteis para. predizer
a deformagao dos aneis durante o forjamento (Figs. 3 e 4).

Para generalizar os resultados obtidos, 6 interessante exprimf-los tamn-
b6m, em porcentagens de aumento de D e d, em funpao, da espessura h (Figs. 5 e
6). Estes gitimos graficos dao as medidas em que deverao ser forjados os aneis
de qualquer tarnanho, em liga, cobre-cobalto-silfcio, para se obter, no final, as
dimensoes desejadagi para os mesmos.

C-1lculo das porcentagens de iumento nos diametros D e d: Chamando de
e D e de A d as porcentagens de aumrento nos diametros externo e interno, res-

pectivamente, e de 6 hi as porcentagens de redupao, da. espessura, tern-se:

A D ou A d - dimensao, apds algum foriamento - dimensao, inicialx10
dimensao inicialx10

Obteve-se, assim, a tabela. das porcentagens de redupao na espessura e
do aumento nos diametros. Dos dados desta tabela, conclui-se que durante a redu
pao da espessura. dos aneis a metade, por forjamento, nos diametros externo, e in
terno aumentam. de cerca de 25%. Naturalmente que, para cada caso, 6 necess'Irio,
fazer-se uma experiencla. prdvia para se determinar exatarnente a variagao das di
mensoes.

6. ESTRUTURA DAS PEQAS

Foram realizados alguns; exames metalograficos corn o objetivo de meihor
aquilatar o efeito do forjamento, e do tratamento tdrrnico.

As macro e micrografias das Figuras 7, 8, 9 e 10 ilustram os tipos de es
trutura observados. t facilinente observavel a meihoria. da estrutura pelo forja.-
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Tabela das porcentagens de redugao na espessura
e do aumento nos diametros

h (%) D(%)d

la.. Experiencia

40 20,7 19,5
50 &-4, 5 23,6

2a. Experiencia

10 5,7 7
20 7,5 13
30 16 17
40 23,5 21
50 26,5 25

3a. Experiencia

10 7,5 5
20 12 9
30 17 12,5
40 24 21
50 26 24

4a. Experiencia

10 7,5 9
20 12,5 13,5
30 16,5 18
40 22 23
50 25 25



3CCV- i i

mento seguido do tratamento tdrmico.

7. CONCLUSOES

Da experiencia adquilrida na Secqao de Ligas Nao-Ferrosas da Divisao de
Metalurgia do 1. P. T., pode-se concluir o seguinte:

a. A produgao de, eletrodos girantes para solda de tubos 6 problema que vein
preocupando a indilstria nacional, obrigada a importa-los ou a lanqar mao
de uma produgao local ainda insuficiente em quantidade e qualidade.

b. A produpao de aneis de boa qualidade para eletrodos g&-antes, apenas par
fundig~ao, 6 diffoil. 0 forjamento, garantindo a compacidade, das pegas bern
como promovendo urn refino de, grao (por recristalizagao), permite a obten
gao de pegas de boa qualidade e adequadas para a aplicagao em vista.

C. 0 forjamento provoca uma alteraqao das dimensoes, que precisa ser estu
dada previamente. No caso dos aneis estudados no I. P. T. observou-se que,
para uma redupao da e- )essura de 50%, os diametros interno, e externoau-
mentavam de cerca de 25%.

d. Para meihor estudar e resolver os problernas, de produpao de, eletrodos
girantes, nao s6 de Cu-Co-Si como de outras ligas de, cobre de alta condu
tividade, de modo, a divulgar a t~cnica e meihor atender as necessidades
da nossa inddstria, 6 necessdtrio prosseguir nos trabalbom iniciados, o que
serd feito pelo I. P. T.
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PROPIEDADES DE UNA ALEACION DE COBRE DE ALTA RESISTENCIA
AL ABLANDAMIENTO Y ALTA CONDUCTIVIDAD

por D. Obrutsky, M.. Saý:rate y 0. Wortmann

Intr oducci 6n

Trabajos previos de Saarivirta (1) y Saarivirta y Taulenbiat (2) muestran
que las aleaciones binarias Cu- .ýr ofrecen interesantes perspectivas en el campo
de las aleaciones de alta conductividad y alta resistencia mecanica a moderadas
temperaturas.

En efecto, estas aleaciones aparentan tener ventajas sobre las aleaciones
actualmernte en uso, principalmente Cu-Cr y Cu-Ag. Sa elevada ccnductividad en
el estado de solubilizadas y envejecidas, asf como sus propiedades de resistencia,
al creep y resistencia a la rotura a temperaturas del orden de 4000C, las convier
ten en materiales interesantes para ser utilizados en la industria. electrica de con
ductore s, conmutadores, transformadores, contactos, etc.

Una aplicaci6n importante es la de electrodus para, mdqui'ia de soldar por
resistencia. Cu-Zr por su resistencia al creep ofrece la posibilidad de obtener
electrodos de gran durabilidad.

El SATI dccidi6 encarar el estudio de la cinetica de precipitaci6n de estas
aleaciones dado que la bibliograffa. no ofrece, mucha inforniaci6n que es necesaria
para la aplicacidn industrial de las mismas.

PROCEDIMVIENTO EXPERIMENTAL

Se fundieron aleaciones de Cu-Zr de las composiciones que se muestran en
la Tabla I. Se parti6 de Cu c~todo y Zr (pureza 98%). Las aleacines se fundicron
en horno de inducci6n, bajo ura atm6sfera de 400 mm Hg. de A.

Los lingotes obtenidos tienen las siguientes dimensiones:
040 miii L~m200 mm



E~ac.-. lingow.s se 'X-...-U da~ *6n de 20 mm 0 con una rela.i6n de
c.xtru,-idj de 4 k 1 'mia ("p~2I c IC.

J.,.-s Ji.-tintos ensayos f r.,iccs -oro.izcrx sobre alambre tretilado.

D-, rc-a flii -Pedida sobre un alainbre do 5 ~i m Long. aprox. 5 min
ci uduopornhetas de 1a MMn Leng. aprox. `5 m

R(;;i~~i-IdadI co tualabre, de 095 imm Long. aprox. 4 0 0 ±
Fujerzia u tectromotriz termoeldctrxica en

alambre de 0, m i nm Long. aprox. 400 mini

El Lretilado del alambr6n de 20 mm so realiz,6 on pasadas de 10%, con re-
cocidos intermedios hajo atm6sfera de A rocubriendo ias barras, en todos los ca-
SOS, con una pintura protectora.

TABLA I

Probeta. Con tenido de
Zr en%

1 0.26
3 0.20
5 0.13
6 0.13
7 0.11
8 0.10
9 0.08

10 0.05
17 0.03

El lfmnite de solubilidad de Zr en Cu es motivo de discusidn. Saarivirta (1).
en lase a determinaciones metalogrdficas, ha establecido flue es de 0. 15% en perm
a 9800C. Para Showak (3) por otra parte,, es de 0. 24 a esa temperatura, mientras
que Donachie (4), utilizando la microsonda de Oastaing, da el valor 0.17%, que se
acerca al de Saa-rivirta.

En e~ste trabajo hemos adoptado como lftmite do solubilidad de, Zr en Cu el
valor de 0. 15% on peso a 9800C.

U ESTUDIO DE PRECIPITACION

Se han utilizado distintas propiedades (5) a fin de seguir la precipitacidn do
Zr.
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Diir-eza VPH
Metal ogratra
Conducti vidad
Fuerza electromotriz termoelectrica
Rayos X
Dilato me trra
En~sayos de corte

Estos ensayos se realizaron sobre probetas que han tenido 0% y 75% de de
futrmacifn previa en frfo. La temperatura de solubilizaci6n es en todos los casos
de 9500C.

D ure za

En las figuras 2, ~3 y 4 se observa la variaci6n de dureza en funcidn del
tiempo para probetas de diferentes tenores de Zirconjo envejecidas a 5000C, 40000
y 30000 con 75% de deformacifn inicial.

En las curvas de 40000 y 500VY" se observa en ambos casos la presencia de
un pico de dureza que estA entre los 2-1 y 5 minutos. Lo anterior vale para compo
siciones comprendidas entre 0. 08 y 0. 26%.

A 30000 y 20000 !a cindtica es mucho mls kfnta, establecidndose los picos
de dureza en 2 horas a 30000 y entre 72 y 96 horas para 2000C.

Se observa que adiciones de 0. 08% de Zr elevan sensiblemente la tempera
tura de recristalizaci6n. A 30000 la probeta con 0. 08% Zr mantiene su dureza
luego de 250 horas.

Para ]as probetas con tenores de 0. 13% de Zr o superiores, los 'd H mlxi
mos se obtienen para un tratamiento de envejecimiento de 5 mini. a 50000.

En la figura 5 se han resumido los datos anteriores para ]a probeta 5 (0.16%
Zr) :constrgydndose la familia de isdcronas.

Del an~lisis de dstas se verifica que a diferencia de lo quo ocurre en Al-Ag,
en la cual aparecen dos picos en la curva, en este caso un solo nnecanismo aparenta,
ser responsable del endurecimiento.

Probetas solubilizadas con 0%Y do deformacift ini-cial

Para temperaturas do 40000 y 50001C se ha observado que los rn~ximos va
lores de duroza se obtienen para 80 horas y 15 min. respectivamente. En las me
talografras do las figniras 6 y 7 tomadas con tratamiontos ttdrrnicos do 60 mini. a
50000 se obsorva la pi'esencia de una ostructura do Widmanst~tten caracterfstica.
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]~a fase precipitada (;s deo compo~sIcifn Cu3 Zr (1 ) (2) (6). Dada la similari
dad en djinensioncs e~saoTA(a uLre Ti y Zr es razonabie suponer que, and-
log~atneiete a lo quo ocutrre en alca clones Cu Ti (7) la, que precirlita es un- fase (-,r
td' "-"a Cu3 Zr, isornorla con el Ou3Ti (8) (9).

Dilatornetrfa y Rayos X

En este trabajo se han hecho deter minac~ione s dilatomo-tricas utilizando tui
d ilaL~xnetro Chevenard, realizando errve * icimiento,- isot~rmicos en el rango 20,00C
ýi -,t.')OC. Con. la precisifn con que se ccontaba, en ning-dn caso ise pudo observar N,-a
x'iac6n debiagitud. El coeficiente de arnpiificaci6n del dilat6metroos = 1100.

Las mediciones de pay.-metro de, red se realizaron con prccisi6n de 1 ,. 10-0~
utilizando el metodro de poivos con Cdmara Dabye Scherrer.

El pardmetro se midi6 utilizando los dobletes Kccj1 Kaj para los pianos 331
y 420.

Se estudiaron probetas de composiciones crecientes de Zr 0. 08, 0.3, 0.20
y 0. 26 solubilizadas a 9500C y templadas.

No se observa que para composiciones creciontes el pardinetro de red vrarf'e
con la cornposi.cIi~n.

Para probetas envejecidas no se observa la presencia de una segunda fasc.
Esto es explicable dada la pequefia cantidad de Zr presente.

Ensayos mecdnicos

Con el objeto de comparar cualitativamente los distintos tratamientos tdr-
inicos para diferentes composiciones se realhi;ýron ensayos de corte usando la mi
cromdquina Chevenard. En dicho equipo la curva 1 en funci6n de la deformacift
se inscribe por medio de registro fotogradfico.

En la. figura 8 se han reprosentado los valores de 7T 0. 8 quo provocan una
deforniacidn per manente igual, a 0. 8% del dilrnetro inicial. Esto seha torado Co
mo flidice cualitativo de la resistencia a la deformaci6n pldstica del material.

L-as propiedades meednicas (Iflow stress) aumentan con el contenido de Zr
hasta aicanzar un mdximo para valores de Zr de aproxiniadamente 0. 17%0 en poso.

-Del andlisis de la figura se observa. quo exdste una caftia en e1 valor de - 0 .8
al progrosar el procoso de envejecimiento, cafda quo aumenta cuanto menor es el
COflteid(o de Zr.

- - -;~-- ~-'~ . CFO-
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.~.to ofecto se man~f iecota adn mds clararnonito en la, Iitra 9 cii la ciic -,e
ha iroi-rc~se'iado el valor de 1- 0. 8 on funcifr1 del tic mpo do onvc-joci:-,hiJrit( a dis

L" J~ ~a. UAI t'UiIA~U~ UU V. LU/O~U. s. CrUVUII 1.z~V p1L8'Ii"

del 75%~c.

Eý:ta di~rnhx~ci6n inicial n~o concue-rda. ccni las curvas do duroza,_- a c-ta rnis
ma tciiiieratura (.iL a )

Dicha anomail'a. -c atribuye a quj( ci Ceyatzo de ccrtc f~e reaiL-6 en u~n pia-
no xnorz-I-al al Lie do trofila:-o,

La textuL-a quo es dabie o.--porar cn aidarm;re trcfiiados do cobro conskh4tc on
fcr in:,i proporider-ante de criA1_tals cc: la ciiroccilft 1 CO ] y [ ill j paralela a !a
'Iirecci6ix die trefilado. La rrccirfi~ci6n do Cu.,/Zr, quo se realiza en pianos profe
rencjiaks, pr(Aucc fuc;rte direccicnaiidad on las propicdades mecdnicas.

Conductividad

Mcciir la conductividad es unva tcnica, Lrportanto para soguir cindtica= do
precipitaci6r..

En efecto (1t^) varilaciones grax'ideor cd cc_.ductivicad dcbc!- ab'ihuirsc pre-
pcr.deraiitcmnoite a ocL.~i~ 6 r~1'Li~c, 1tcimco do L-ciukto.

La 1infcdici6r. ft cor-du~ctividad se rcaiiz6 utilizando un potcnci6xnetro K3
Leeds y Northrup.

5e .-dde ia Lev. zin sobre la probeta iiic6gnita y 5obre =u,_ resistencia patr6n
invirtivr~u ba %,,- rit -.'-,-ra c vitar iz'fiueý de~. lc as reic~ietncia~s de contacto.

'* ,; Lc~ vu lu p4j~cj a ecr-ric:nc czn di,.tL-i1-cs sentidos so pro-
-ned-La IoLr uhc~

ý'n1 la figura 13 so ha reprim.ontado lafý curvas ij?3cronmý para 1 h. y 21 1'h.S
do ojn 'eccim-lontxo de Cu -- 0. Iti Zrf cop 0% y 75% do dof ormnaci6p.. Se obsocrv.aý 1::1
aucrnoto continuo do la conrduxciv~kiad con I.,! tomprera1tura del tratamiento tdrixnico.

Los valores absolut(,. mutucr.Laii quie kif; r cibcias OcormadaE. 75% al-cai.ýan
para i:ýualcs den-p4os znayorcs v-.ilor-c., do conduc'~iviciad.

EýAo es ra2O!nable tenicri-do en cucaita quol Lt proLencia do dofcctc's produci-
dos por ci trabajado a~ur,,nta la cindtica do prccipitaci6n.

1ý: it '- 'L,L1 1fCui :L LnccSa metterc~s tiomrpc-c p~ara alcanz~ar iguajes ridveles
~*~: ;~.~ ~. o~u~~~~L ~.~io dfcraa~61 c: en o
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Fuerza electromotriz tcrinoclectrica

Se midi6 la tu rza elect~rM -o4-iz pro-luciia a! caientar a 1000C una termio-

cupla construfda de la siguiente manera:

a) Un alambre de C'ý recocido.

b) Ur, alambre de Cu-Zr solubilizado templado y envejecido por pe-
rfodos diferentes.

En todos Jos casos se 1 :-iiri6 la ten--46n al valor que se obt~ertdrfa tomando
corno uno de los elernentos del par un alannbre de Cu-Zr solubilizado y templado.

En la figura 11 se observa la variacifn de la fuerza electromotriz termo-
eldctrica para probetas con 0. 16% de Zr.

Tal corno se pucde apreciar, !a f. e. mn. camnbia en forma parecida a la,
conductividad en tunxci6n del tiempo de envejocimicuto (Fig. 11.

Encr.:fa de activacifn del proceso de precipitacift:

Si se supone que [a r.recirditaci6i, es wx, proceso coritrcolado ror (tifu-i-f, la
exp--resi6n de velocidad de trax1,iornnaci~i resrponde a una exprebi6n de la forma

-RT

sie-ndo t el tiempo. Supox'icrdo que Q sea independiente de la temperatura, se b
tic-nc una cxpresjln que rcprescr.Lada en escala semilogarftmica en funci6n de -

da una recta cuya pcriciente cs -;de. aqul se puede despejar Q. T

En nuestro c-a±-.o h(i:..c-, xlC reksentado el 1g. del tiemapo ricces-ario para al-
canzar 1/2 de la mftJrna propiedad.

Se ha realizado esto ie-a durcza, conductividad, y femn. Los valores obte
nidos son-

Q duroza =-.23, 000 pal/inol
Q len ~ = -5. 600 calI/mrol
Q cornductividad = 22. 000 cal/mnol
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(2( )'4C 1.SIONE'S

Sc ki >c gu ido la precipif.~tci-ra f.' .l-cir Cu-Zr utiljzarldo dRU.C2a, con-
(ud ihvid:1d, fuerza electrorotrIz I.,1't2C~i4 dik Iometr1la, rayos X y ccrte.

Sc c r if i'A que (itiu& it". Vb' r c levan notablemente la tecmpf.ratuxra
,! (t nta I iza. -6n, exci,,icnido prolooas qjuf pcrm2.necicron 250 hs. a 3000C Lin

(liz H1Jl suj dur -eza.

El rnd\irmo aumenLo de ,u~ e ok-werva para envcjecimiontos de 5 min. a
'".Apa,'emi'ttmerite uDn seIllfl.'. ~m- r(zspori.,ab~e pcor el -.tvejecimiento,

r,) i t-'ciuidant ls curvas j,,6( urkfd5 de' dureza rndtz quo Un bolo mnlximo.

LaS I-rOhetaS prec-ipitaibfs prceenrAn una estructura de Widrnanb~tten ca-
i--c.vvf~rýt1(;a, (jle [,or analogra. y9 (Jafb si similitud con Ca Ti se supone que sea una
ta-se C'-u3 Zr- oiderutda e isomorld (l-tdC'1i

DP~ las meificiones de parcrnetro de red ýse observ6 quo la variaci6n de la
misma (;on ia vopoic zi ivy mv jequend (< que I. ý: 1-3 R).

Las propiedddles mcc~nicas sria dependientos do la oriontaci~il y esta dc-pen
dciicia es mnavcr cuant() mayor es cl contenido de Zr.

L~a cntergfa de activacifn do hi precipitaci6n se ha establecido en Q 2:3. 000
mui'no.

Para probet a6 solubilizada~c-, tra ba-jada~s 7 5% y envejecida--, las propiedades
meedcnicas son comparabics y ]a conductividad es superior a Las de Cu-Cr.

Por esfas razoncs las aleacionc~s Cu--Zr preson itan perspoctivas intercsantcs
deictr(j~deI camnpo de la industrTia e1e-ctrjea y de m~quinas do soldar por resirdencia.
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Tabla L.
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Fig. 1 Contenido de, Zircomio de las aleaclones preparadas
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Fig. 2 -Variac16n de dureza Vickers en
funcl6n del tiempo de envejecido.
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Fig. 4 Variaci6n de dureza Vickers enfncn
fnl dltiempo de envejecido .
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Fig. 5 - Isocrona de du~reza para 0. 16% de
Zr con 75% deformacl6n
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Fig. 7-Pulido por tamp6n
Reactivo
amonfaco yagua
oxigenada

2:1 850x

75% 5OO~C
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4We

Fig. 9 30. 8 vs. tiemp, de envejeqcido a
distintas temperaturas para un con
tenido de 0. 16% Zr con 75% de de-
forrnaci6n.

55

50 I

100 2W0 3M0400 500 et¶(JSIO en

F'ig. 10 - Isocronas de conductividad para
0. 16% Zr.
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5000C %

3000C

M~g. 11 - Varlaci6n de la fuerza electromotriz
termoeldetrica para probetas con
0. 16% de Zr.
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NONFERROUS METAL SHEET MANUFACTURING

By F. R. Morral

Semicontinuous casting, casting of thin slabs, and powder metal-
lurgy are techniques used for producing sheet. Metallurgical char-
acteristics and mechanical properties are discussed. Use of these
techniques and related processes to manufacture sheet from
common metals and alloys and from unusual metallic materials
will be considered.

In companion papers, semicontinuous casting and casting of thin slabs of
steel are discussed, as well as the production of steel sheet by powder metallurgy.
Non ferrous metal sheet manufacturing follows these same principles, although the
details may be simpler. In some instances, semicontinuous and continuous casting
of slabs (the latter is also called "ingotless rolling") have proven advantageous
over the method of casting ingots, working by various methods to plate or slab,
then rolling to final size. The newer techniques are based on powder-metallurgy
processes; a few illustrations will be given.

It can be said that the art of continuously casting both ferrous and non-
ferrous metals has been developed to the point where any metal producer can
undertake it. Only a little imagination may be required to adapt the- pr.cass to
more complex shapes. There are now about 50 variations of the pro'ess; however, I
no attempt will be made to discuss these since they have been preseited in many
articles and books(l). Design of the unit and in-house construction should not pre-

sent difficult problems, since compact melting and working units are availabia,
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There are few nonferrous metals and alloys that have not been contlnu isly
cast on a production basis. So far, continuous casting of nonferrous metals I.- P
re.i.t.d ,, avoidance of turbulence and oxidation, better distribution of constituents,
fine grain, and less porosity. Considerable savings have been effected by avoiding
excessive scrap due to shrinkage voids and other defects. In general, the physical
properties of finished continuously cast nonferrous metals have been better and
more uniform than those of metals conventionally produced.

There are essentially these techniques:

1. Withdrawal of the billet directly from the liquid metal from furnace
or ladle

2. Continuously rotating mold (Hazelett, Properzi)

3. Casting into water-cooled mold -usually semicontinuous casting.
Although the fully continuous process gives nearly 100 percent yield
and steady, continued production, it has an initially high cost and
requires considerable head room, since the molten metal must be
raised to a high level. While the yield with semicontinuous casting
is in the range 96 to 99 percent, the cost of the plant is less and
the molten metal is poured from ground level. Changes in size and
shape of casting are also easy in the semicontinuous process, since
a new mold can be put onto the second unit while the first is being
p:t-red. In small-scale production, pouring directly from the melting
furnace offers many attractions.

4. Roll casting (Bessemer, Hunter-Douglas).

Problems still requiring attention are:

1. Solidification at mold

2. Strength of metal near its melting temperature

3. Heat transfer from ingot to mold, which controls the rate of ingot
withdrawal

4. Fluidity of the metal

p 5. Efficient design of the mold

6. Efficient conditions and design of secondary cooling zone
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of reducing this detrimental effect --

The advantages of continuous casting are: .-

1. Average yield is high

2. Lighter rolling equipment can be used since salaler Pections are
cast

3. Material quality is uniform and good

4. The mill is capable of meeting, or being developed to meet, most
requirements

5. Little reheating is needed for immediate hot rolling.

Commercial R.:-ocesses for Continuous Casting of Aluminum,. M-gnesium.
and Their Alloys

In the United States, aluminum, magnesium, copper, and their alloys, and
lead, zinc, tin, and nickel have been continuously cast for some years.

Several techniques are used to produce slabs 6 x 22 inches to 12 x 48 inches,
with lengths up to 140 inches. That most used in America for aluminum is the
ALCOA process, and in Germany, the equivalent VLW. These processes were
developed between 1930 and 1940, and have also been used on brass with satisfac-
tory results -sound slabs and surface quality. In both processes, the molten metal
is controlled in a holding furnace before feeding into a stationary mold, or the
metal is fed using electromagnetic pumping equipment. The plants are simple and
economical and, although casting speeds seem slow In comparison with more
elaborate plants, the advantages outweigh this one disadvantage. In one plant,
there is complete integration -bauxite comes in one end, and aluminum sheet
goes out the other.

The magnesium-type continuous-casting process is named for the company
using it -Dow. Metal at about 1300 F (705 C) is pumped into the mold from 4,000-
pound cast-steel pots. Virgin magnesium and scrap are charged into these pots
and the mixture is heated to about 1400 F (760 C) for alloying and refining before
casting. The pump is air-motor cooled. The mold, as short as possible, is made



of high-purlt. c..per, althoug- aluminum or magnesium could be used. It is en-
circled at the top and base with water-cooling rings. The top ring supplies a
uniform film of water in downward streams over the mold exterior. The bottom
ring directs water which assists that from the top ring and falls onto the cast
product. Temperature and volume of the cooling water are carefully controled.
The whole unit should be on a rigidly supported base.

The Hunter-Douglas process for aluminum and its alloys is used par-
ticularly to produce aluminum sheet and strip and is also suited for foil. This is
a horizontal continuous-casting process. Three Ajax low-frequency induction-
melting furnaces, producing up to 6,000 pounds per hour, feed metal to two
20, 000-pound gas-fired reverberatory furnaces. From open chutes in these
furnaces, the metal is laundered to the casting machine. A constant and unbroken
head of metal is maintained by means of an adjustable tap-hole valve. The mold
in the casting machine is formed by two halves of a moving chain which consists
of cast-iron blocks drilled for water cooling. As it leaves the endless chain, tae
metal has a temperature of 750-1000 F. After a 55-foot length of bar has been
cast, a flying shear cuts it and It is rolled mechanically to a horizontal oven to
be heated or cooled for hot rolling. Pinch ro:.s transfer the bar to a 6-stand
tandem mill in which it is processed to 450-pound coils of 1/8-inch strip in
about 60 seconds. The final operation is a cold reduction to gages between 0.0075
and 0.0092 inch with no intermediate anneals. Casting speeds run up to 15 feet
per minute. The price of the caster, furnace, and auxiliary equipment is about
$500, 000. Licensing and royalties are also involved( 2).

The Hazelett process has been suggested for aluminum, copper, brass,
zinc, and steel. Molten metals poured between two belts are carried with them
through the mill at speeds for aluminum of 27-35 feet per minute. Aluminum
slabs 9 x 1/2 inch and strip up to 60 inches wide have been produced. It has been

* claimed that, with this process, stainless, silicon, and steel strip have been
made with better properties than the same analysis rolled from conventional in-
gots. Now the cast metal strip is also continuously fed into a hot-rolling mill and
then coiled (see Figure 1). The cost estimate for this equipment is nearly
$1, 000, 000, including the caster, furnace, auxiliary equipment, licensing, and
royalties(2 ).

Reynolds Metals Company recently announced a process for rolling sheet
from pellets that could effect large savings in both plant investment and production
costs. The new process operates continuously, produces a coil of sheet that may
be of any length, and needs less equipment than a conventional roll:ng mill(3). In
contrast to heating and reheating large ingots, heat transfer to the small pellets
is excellent, resulting in further savings in fue! costs. Pellets average 1/4 inch
in length and 1/16 inch in diameter and must be free flowing. They are dropped
through a vertical preheating furnace which brings their temperature to between

- 0-4"
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750 and 1000 F (400 and 54- C). Fadrace time 'fOr ea- -peLti LS .. r.i. eLY
seconds, compared with several hours for an ingot. Hot pellets are fed between
a pair of rolls where they are formed into a fully consolidated sheet. Thickness
of sheet ranges from 0.1 inch down to foil gage, The company believes that the
new process will have a significant impact on the aluminam-sheet industry.

A process suitable for aluminum strip and extrusion slugs is that devel-
oped by the Albert Mann Engineering Company, Ltd., of England. This consists
of a rotary strip casting machine which produces up to 20-inch widths and permits
easy changes in product size. The cost of the caster, furnace, and supporting
equipment is quoted at about $250, 000. A company to produce 6,000, 000 pounds
of aluminum product per year should be able to recover its investment within a
year in the United States. Licensing and royalty arrangements are not required(4 ).

A machine best suited for bus bars and extrusion billets has been recently
described by Ugine. Figure 2 shows the general arrangement for the Ugine-Venthon
horizontal-casting process. Slabs 4 to 8 inches thick and billets 4 inches in diam-
eter and larger are cast.

Powder-MetallurM Techniques

H. Bessemer, in his autobiography, remarks that in 1843, while rolling
fine brass turnings preparatory to making powder, the brass filaments tended to
"issue from the rolls with a smooth continuous surface resembling an ordinary

sheet of solid brass"(5 ). Therefore, he may be considered the grandfather of this
technique of producing sheet and strip from powders. During the past 15 years,
many powder-metallurgy processes have been patented(6 ).

The mechanism of compacting metal powder by rolling has been reviewed
in detail by Evans(7 ) and others. Evans describes the effect on the finished mater-
ial of such important factors as the rolling mill (roll diameter, size of roll gap,
surface finish of roll, rate of powder feed to the roll, and roll speed), the powder
(grain and particle size), and sintering (temperature, time, and protective at-
mosphere).

Direct powder rolling is expected to be cheaper and more continuous than
the use of the pressed and sintered form, which is then rolled (possibly hot) to a
certain thickness and then cold rolled to final size(8 ).

The cost of manufacturing components by powder-metallurgy techniques can

-~ ~ RIM_



be- grea-y reduced by the use of automatic methods which make continuous com-
pacting possible. In a companion paper, some requirements have been outlined.
For the production of sheet, it may be interesting to nott - that the process origin-
ally suggested by Sir Henry Bessemer for liquid metals can be used on powdered
metals. Here the rolls are generally heated instead of cooled. The process of
sheet-making consats ,f sintering after rolling the powders, and then re-rolling
to finished size.

In the manufacture of very thin metal strip, the "direct rolling" of loose
powders does, in some cases, have an economic advantage over the rolling of
wrought metal. In direct rolling, powders are fed from a hopper dir.octly into the
throat of vertically or horizontally mounted rolls. The powderr are carried by
the surfaces of the rolls Into the neck where they are compressed and finally
ejected. It is well established that direct rolling of powder is most effective in
producing very thin strip. A single pass through the rolls can provide 20- to 30-
imnl strip without difficulty.

Some aspects of direct rolling are not yet clearly understood. For example,
much has yet to be learned about the effect on density and strip thickness of such
factors as the diameter and pressure of the rolls, the shape and size of the powder,
and the rate at which the powder is fed into the rolls. We have learned that the best
product results when the diameters of the rolls are several hundred times the
thickness of the strip and when powders of high green streaith are used at moder-
ate compression ration (best to resist the stresses induced). By controlling these
variables, densities up to 90 per cent of theoretical can be obtained fcr some
metals in a single pass.

General factors affecting the sintering process are given in Table 1. Four
types of factors must be closely considered -material (including source or method
of making), particle size, compacting, and actual sintering. The sintered product
may then be worked -hot or cold- to produce the final sheet or strip.

Continuous compacting of nickel, cobalt, copper, aluminum. and their
alloys is a reality. This process mnerits much consideration if powder prices are
low, if special prcperties are required, or only small runs are desired.

In 1958, Lund reported that the production of pure nickel strip by the con-
tinuous roll compacting of hydrogen-precipitated nickel powder, followed by suit-
able sintering and cold rolling, is practicable( 9). The mechanical properties of
strip produced by this process are at least comparable to those of cast and wrought
nickel in the same temper condition. Considerable amounts of this strip are now
being coined into Canadian 5-cent pieces--truly "nickels"!

The process described below is a recent one, being used for nickel and

-- _ •
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cobalt powder. The description is specifically of the production of cobalt strip on
the rosaing mill of the Sherritt-Gordon "AM--• l 4wc 'n F iakntEhew n.
Alberta, Canada.

Nickel and cobalt powders have a characteristically irregular shape. This
appears beneficial in the production of a strong green strip on roll compacting. At 4
Sherritt-Gordon, roll compacting is accomplisheM on a horizontally mounted unit
so that the strip emerges vertically downward, is turned 90Q, and wound Into coils.
The green strip is nominally 0.064 inch thick and 6-1/2 inches wide, with a tbco-
retical density of 80-85 per cent that of the solid metal. The green strip is fe. into
a hot coiling furnace at 925 C. The sulfur content is lowered to 0.005 per cent and
the carbon to 0. 008 per cent by a moving hydrogen atmosphere, which prevents
oxidation. When the strip is coiled in the furnace, the temperature is raised to
950 C. Hot rolling with a 25 per cent thickness reduction is followed by water-spray
cooling and coiling under hydrogen atmosphere to prevent oxidation and discoloration.
The density of the 0.048-inch thick cobalt strip is 8.72 g/cc (or 98.5 per cent of
theoretical). The strip is annealed at 750 C after edge slitting and cold rolled 20

to 25 per cent in area. Annealing is done in bell furnaces at 930 C for 1 hour. The
tensile properties are very sensitive to the procedure for obtaining tensile-test
specimens and to the annealing temperatures(10). In the case of cobalt, the close-
packed hexagonal phase may be present, together with the face-centered cubic. It
has been established that elongation valies increase almost linearly, from 4 to 26
per cent, as the amount of cubi.phase present increases from 7 to 50 per cent. Cold
working affects the magnetic properties of cobalt, raising the remanence slightly
and the coercivity considerably. Magnetostriction measurements agree with pro-
viously reported data.

Part of the reason for the improved properties may be the fine grain size,
resulting from starting with fine powders. It is possible that, in some materials,
the presence of oxides has a dispersion-hardening effect.

Sintered cobalt powders have been extruded in long bars with cross sections
of varying complexity, and with densities close to 100 per cent.

The availability of cobalt strip opens new applications for this material such
as anodes for electroplating and electroforming, memory tapes (because of high
Curie temperature and other magnetic properties), tubing for inhomogeneous
welding rods, bearings, and catalytic devices.

In general, the production of satisfactory sheet and other parts depen&i
on factors indicated in Table 1. Table 2 gives data on sintering temperature anLd
time for eight industrial elements and alloys.

Powder metallurgy is used to produce special sheet material, such as



dispersion-hardened nickel, kntoui as TD-Ni (thoria dispersed in nickel). Experi-
mental work has been done in which 5- and 10-mi! fibers of tungsten have beAn

Ambeded in cobalt powder; interesting properties at 2000 F (1095 C) have been
obtained. (Metal whiskers could also be used). For these purposes, submicron
powders both for "'dispersant" and "dispersoid" are needed. To obtain the pro-
perties desired fOr TD-Ni, the mixture of powder has to be extruded. In fact,
copper tubing is vow under development and is believed to be economically feasible.
The tubing made of copper powder seems to have unique features: greater toughness,
improved formability, and higher yield strength. Reasons for these improved pro-
perties are not yet known. One contributing factor may be the dispersion-harden-
ing effect of copper oxide particles.

There are three basic methods of extrusion: (1) direct extrusion of powders,
(2) extrusion of pressed billets (as used for TD-Ni), and (3) extrusion of "canned"
powder. The superalloy Ren6 41 normally takes only 10-15 per cent cold work
without annealing, but when starting with canned elemental powders, it is possible
to cold reduce to 70 per cent. Rend 41 weld rods are made in this way.

Some alloys in the United States are available as powder. Another technique
that has some promise is that of using precoated powders. Each grain (metal or
nonmetal) is coated with a metal. In fact, individual grains can receive several
different coatings of various elements. An interesting material Is strip of a given
porosity, such as may be used for plain bearings, filters, or air-permeable parts
for pneumatic conveyors.

New technical properties can be imparted by the incorporation of certain
additions to the metal powders before the sheet is produced (. e. g., the frictional
properties of bronze parts are improved by additions of graphite).

Of course, to make sheet or strip of refractory metals -W, Mo, Cb, etc. -

the powder-metallurgy technique appears to be the only feasible one.

There is not time here to compare mechanical pipperties of metal and
alloy sheet and strip made by semi- or continuous casting, or powder metals made
with the conventional methods of melting, casting, and fabricating. The purity of
the materials involved, the amount of work given, and in some instances, the heat
treatment, make comparisons of tensile strength meaningless. An example is
given in Table 3 for nickel sheet produced by powder metallurgy. Table 4 compares
the properties of 316 stainless steel and InconJl made by powder metallurgy versus
conventional processes(ll). Table 5 gives properties fcr a nickel-base superalloy,
Udimet 500. Note that the axtrusion product by powder metallurgy has properties in
excess of those of the wrought material.

Curtiss Wright reported that, in their processing of scrap to powder, the
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the cost for the latter ranged from 17. 80 / lb for a 10-ton/day plant to 8. 30 /ib
O------ --------- -J ~A_ A 4 _U_ Id Ifor a 100-ton/day pla•-•t•,l11 )i.. Shouvt m u-u---- ,•, C0S W6-6 " 11 ""co a -mi I c,

Ib for a 80-ton/day plant making various grades of stainless steel and 250 / Ib
for a 10-ton/day plant turning out specialty alloys. They concluded that cost
analyses looked favorable.

Should Central and South American countries consider the metal-fabrication
processes discussed in this and companion papers? The answer lies in the following
questions:

1. Is there a market or will there be one for materials or products

manufactured by them?

2. What are the sources and prices of raw materials?

3. Can the equipment be produced in your country or must it be
purchased from hard-money countries and Imported?

4. Do you engineers have ideas to simplify or adapt these processes
to your own specific needs?

Although the first item mentioned is the most important, it is the last that
holds the key to the success of any method adopted. The possible economic ad-
vantage of these new methods (semi- and continuous casting and powder metallurgy)
is evident; however, this is true only if your creative ability can adapt them to your
own specific reqairements. Here again, today's creative plannig can mean to-
morrow's productive living!
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TABLE 1, FACTORS AFFECTING SINTERING PROCESS

A. Material factors: B. Particle factors:

Crystal structure Method of fabrication
Diffusion coefficient Particle shape
Melting point Particle surface conditions
Density Particle size

C. Compacting factors: D. Sintering factors:

Compacting pressure Sintering temporature
"Q1 Compacting temperature Time at temperature

Compacting speed Sintering atmosphere
Compacting atmosphere Rate of heating
Duration of compacting Rate of cooling

TABLE 2. SINTERING TEMPERATURE AND TIME

(IN HIGH HEAT CHAMBER)

Material Temperature,. C Time. minutes

Bronze 760-870 10-20
Copper 845-900 12-45
Brass 845 -900 10-45
Iron, iron-graphite, etc. 1010 - 1150 8 - 45
Nickel 1010 - 1150 30 - 45
Stainless steel 1095 - 1290 30 - 60
Alnico magnets 1200 - 1300 120 - 150
Tungsten carbide 1425 - 1480 20 - 30

N2
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TABLE 4. HOW POWDER STRIPS COMPARE
Rolled 316 Stainless Strip(a) Rolled inconel Strip(b)

Powdered Commercial Powdered Commercial

R-om-Temoerature Pnar.4i'es
Yield strength, psi 4e, 800 29,900 34,200 30,300
Ultimate tensile atrength, psi 101,000 79,900 90,550 84,410
Elongation, per cent 38.3 59.9 25.2 30

Hardness when heat treated, Re --
High-Temperature Properties

T•ime to rupture (in air at 1500F -- 9.8 6.2
under 10, 000 psi load), hours

Corrosion Test
Boiling 61% HNO3 for 96 hours 7.5 mils/yr 8.6 mils/yr

Interstitiuld

'Carbon 0.07% 0.05% .....
Oxygen 0.05 % 0.01% ....
Nitrogen 220 ppm 535 ppm ....
Hydrogen 17.4 ppm 12.7 ppm ....

(a) Annealed at 2025 F for 30 minutes
(b) Annealed at 1800 F for 30 minutes

TABLE 5. PROPERTIFZ OF UDIMET 500 POWDER-METAL EXTRUSIONS
(Heat Treated)(a)

Yield Strength
Tensile Strength, (0.2% offset), Elongation,

Specimen 1000 psi 1000 psi

1 199 143 11.8

2 193 144 9.0

Typical(b) 175 110 15.0

(a) Solution treated 4 hours a"t 1975 F, air cooled; then aged 24 hours at 1150 F,
air cooled; then aged 16 hours at 1400 F, air cooled.

(b) Properties reported in Utica Metals Bulletin. Source: Toaz, Davies, and
.Johnson, "A;rci:aft SuperaUoys by Powde-r Metallurgy", Progress in Powder
Metallurgy, 152, 16, 1960.
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Figure I eL-zelett 8tr*p-Casting Process

Figure 2 General Arrangement of the Ugine-Venthon Process
' for Horizontal Casting
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DESIGN OPTIMIZATION THROUGH MATERIALS RESEARCH

by

M. A. Steinberg

1. NEW METHODS IN MATERIALS RESEARCH

The traditional viewpoint in materials applications has been tn cleverly
adapt (and sometimes compromise) a design concept to the unyielding properties
of the materials available, to cut and pare performance goals to the size of the.
often ill-fitting mold of conventional materials. In the aerospace fiald, as new.
and more demanding missions present more and more stringent. requirements to
the materials engineer, this traditional approach has had to .be modified. Now
materials men are faced with the problem of designing 't to order" entirely new
materials or combinations of materials with properties -suitable.to meet service
conditions within the time schedule for system development:. .Materials are
"tailor-made" with an end-service orientation, and each application may have its
own unique solution with respect to materials and design.

We may characterize the older design procedure as linear, that is, it pro-
ceeded stepwise from known properties of proven materials, forced modification-
of preliminary design to suit materials available, and, through a trade-off process,
resulted in a final design adapted to use of pre-existing materials. The newer
procedure makes use of a more simultaneous method of attack. From extrapola-
tions of -properties of existing materials or combinations of materials, materials
requirements are set at the initiation of a-project. Then the researchers turn
their efforts to satisfying these requirements while other elements of systems
design are progressing.. The complexity of materials problems in the aerospace
industry stera from the fact that these requirements combine exacting and often
unusual combinations of properties with short lead-times for research and devel-
opment. Major difficulties arise because design concepts and critical environ-
mental factors are still foreign to most members of the materials field.

The problem iL further complicated by an incomplete or erroneous under-
standing of the basic properties and capabilities of new materials on the. part of

the user -- the design engineer. Close coordination between the activities of

structural designers and materials specialists is essential to any materials re-
search and development program. A harmonious working arrangement is neces-
sary among producers, users, and government sponsors in planning and timing
for future needs.
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The transition from conventional aircraft construction to missiles and
spacecraft characteristic of the past decade has spurred the development, through
the "simultaneous" processes mentioned above. of high temp.rawtlre- ,3tuct.ra
materials as well as a number of newer developments in the fabrication of light-
weight structures.

Th• Weight is at a premium in every endeavor in this industry. Structures
L,.ust be designed to the lightest possible weight at a supportable cost and equal
to the capabilities of all of the other components of the system -- the power plants
guidance controls, propulsion, and payload. To accomplish this, the materials
engineer must know the real value of each pound saved as well as knowing how
material, fabrication, and installation costs va-y from material to material.

Misleading results can be obtained in design optimizations for minimum
41 weight if improper comparison parameters are used. W. R. HAic.s of Rand Cor-
kk! poration (Ref. 1) gives an example of this in a comparison of two materiala for

use in a narrow column. With given dimensions for a square cross section tube,
a column of A Z31M magnesium (FS-1H) has a buckling strength of 2509 pounds.
When a column of 7075-T6 aluminum is designed to the same weight, length, and
cross-section proportions, the failure load for this equal-weight aluminum column
is found to be only 1730 pounds.

Taldng these facts, however, to mean that magnesium is 1.44 times as
efficient, on a weight basis, as aluminum is erroneous, as Micks points out. In
the first place, the geometric proportions of the aluminum column should not
have been made the same as the magnesium, since the optimum aluminum column
vould have different proportions. When this error is corrected, the ratio of
magnesium to aluminum strength now appears to be only 1.28. These comparisons
are ghown in the first three bars of Fig. 1.

A further error in the comparison is that tie wrong parameter is being
used for comparison. Strength, which the designer does not want to maximize,
has been chosen instead of weight, which he does want to minimize. The strength

A Is assumed to be a constant requirement of the mission with the weight to be made
as small as possible. If an optimum aluminum column is designed to have the
same strength as the magnesium column, the ratio of aluminum weight to magnes-
ium weight is 1.13 as shown in Fig, 1.

To illusarate further how the comparison depends on the proper specifica-
tion of the design, if the structural job, as measured by the ratio of the design load
to the square of the effective pinned-end length over which the load is transmitted,
is changed from P/L 2 . 1.0 psi to P/L 2 = 100 psi, we find that the relative ef-
ficiencies bave been reversed, as shown in the right-hand bars of Fig. 1.

This example of design optimization depended on a proper comparison be-.
tween properties of available materials. The more usual case is likely to involve

.4 requirements for mater:als properties which cannot be immediately met by any
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available commercial material. The approach to this problem is an optimization
stady, as :s done in systems work. Such a study is undertaken at the very begin-

---------------------- .-- I L..1-
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characteristics required are determined in terms of the relative importance to the
need. This then delineates the level of materials reoearch and development to be
suppr--ted so that, in the development of the system, needs will be fulfilled in the
prc, -.r time-scale position.

Thus, materials engineering is vitally concerned with preliminary design,
* 'oint worth dwelling on, since, to me, it is the one which differentiates the inter-
.,i: -iplinary approach to materials science from materials engineering.

In the broadest sense, materials engineering is intimately interwoven with
mechanics (including mathematics), thermodynamics, aerodynamics, and struc-
tures, as well as with electronics or solid state physics. It Is the close relationship
in these fields that makes materials engineering a true engineering entity.

In fact, the linking of "'feedback" is much stronger in these interdisciplinary
fields t.han it is with physics of solids, or structure on an atomlstic scale. It is
from his fel1low engineering colleagues that the materials engineer first gets a look
at the environment problems that his materials will be faced with, and under which
conditions they must operate. In general, the requirements are such that, in their
delineation, a real language disability between materials specialist and the engineer
(not designer) in the analytical fields can exist until orne cnmpletely understand& the
other. Only when such a gap is bridged can innovations arisi7~g from materials
science of elsewhere be brought to useful end-item hardware.

Obvlously, research cannot be done on every material. Micks, of the Rand
Corporation (Ref. 2) has recency writtan about materials engineering in the sys-
tems concept, delineating a numrber of steps to help decide which direction mater-
ials R & D should take to meet. the material demands of a new m&jor weapons sys-
tem. He has suggested uSIng tOe generalized design or systems study -- the
method of operation for the preliminary designers or advanced system study
engineers - for determining the actual materials research and development to
be conducted, and has indicated the steps shown ia Table 1.

Utterly confusing to a materials engineer is to embark oix a materials pro-
gram for end-.Item application only to have the parameters change, .au•aNg a need
for a continuously varying materials Input for the end-item. Again, Micks has
drawn up relationships to use as a guideline. Table 2 prosents the kind of inform--
ation with which a materials engineer and the aerothermo-structures researcher
are constantly embroiled in satisfying the systems engineer or desfgner.

Many exampJEs could be given of the tailor-making of materials or mater-
ials combwunations to the rsuirements dietated by miseile or spacecraft systems
r•e•irements. A few of thsac examples will be outlined later to show how this
principle of "materials designed to order" applies to a wide range and variety of
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Table 1
STEPS TO EVOLVE AN R & D MATER•IATLS 0R,10 A"

FOR A MAJOR WEAPONS SYSTEM (Ref. 2)

1. Form the Initial concept and advanced design oi the system.
2. Determine how materials capability influences the end-item

capability.
3. D)erive from these interactions the information that is rele-

vant to materials R & D planning.
4. Derive from this information the appropriate research direc-

tions and goals.
5. Form research and development programs that properly re-

fleet these research directions and goals.
6. Judge and decide which programs to implement and at what

relative levels of effort.
7. Conduct the actual research and development activity.

Table 2

PARAMETRIC ANALYSIS OF COMPONENT AND
MATERIALS CAPABILITIES AGAINST MISSION CAPABILITY (Ref. 2)

1. Which vehicle components are the most important in determin-
ing the overall vehicle capability?

2. What are the most important materials parameters affecting the
"design of these components?

3. What ranges of parameter values are of interest?
4. In what range of parameter values is the greatest improvement

obtained In the vehicle capability as a result of incremental im-
provements in the materials?

5. What are the relative payoffs for the various materials improve-
ments?

6. What minimum tnprovements in the materials are necessary to
provide an interesting improvement in the end-item ?
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types of materials. Possibly one of the most important such examples of this
process in action is the design of thermal protection materials for reentry sys-
"tes to which , much work M i been devoted in the past few years.

2. THERMAL PROTECTION MATERIALS FOR REENTRY
STRUCTURES

The success of the many aerospace programbIIs dependent on the develop-
ment of lightweight high temperature structures. lo'consider the problems in-
volved in the design of high temperature structures, the following questions must
be posed:

* Where may these configurations be applied?

What is the minimum weight consideration?

* What materials are compatible with the design environment?

Which methods of analysis are reliable in lightweight high

temperature structural design?

2.1. Basic Concepts of Reentry Vehicles

One of the environments that is of interest for the large majortt of high-
temperature applications in the aerospace field is reentry. Spacecraft entering
from orbital and superorbital trajectories encounter severe hoat pulses as well
as maneuvering and deceleration loads. The conventional approach to the struc-
tural design of such vehicles Is a load-carrying metallft structure with heat block-
ing materials provided where necessary.. Re-use of such structurew Is, in most
cases, not possible.

The aerodynamic heat input to a reentry structure is expressed as an in-
stantaneous heat flux (4I) In Btu/ft2 sec and a total heat input (Q) in Btu/ft2 . Fronm
a materials requirements standpoint, the instantaneous heat flux (4) and the dur-
ation of the heat pulse are the most important considerations. These determine
the optimum thermal protection system and the required materials characteris-
tics. The maximum temperature attained depends to a large extent on the heat
flux and lwbe surface emissivity. High values of total heat input (Q) are not neces- -_

sarily critical, since this is a time-integrated function. Most of the total energy
can be stored or dissipated by the system.

The following two approaches are used in the design of thermal protection
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-ystems for reentry structures:

S" * Absorptive Systems -- heat flux is accommodated by mass-

transfer heat absorption (ablation) or by storing heat during
exposure (heat sink).

* Radiative Systems -- heat is dissipated to the atmosphere by

radiation from a hot surface.

Absorptive systems usually are limited by weight considerations to short-
tLie use and are best suited for very high heat flux (1 2000 Btu/ft2 sec). Radia-
Uvi-e systems are limited by melting points of heat shields and structures to re-
latively low heat fluxes (e = 200 Btu/ft2 sec) for lorg-time use or to higher .luxes
for short-pulse heating cycles. Either of these methods, or a combination of both
methods, may provide the optimum system for a given vehicle.

Reentry vehicles (Fig. 2) are divided into three major classifications based
on the escape velocity at the start of reentry: (1) suborbital (1800 to 24, 000 fps),
(2) orbital(24, 000 to 26,000 fps), and (3) superorbital (36,000 fps). The balistic
missile nTse cone is the most familiar example of a suborbital vehicle.

Peak heating rates (q = 1200 to 3000 Btu/ft2 see) are the highest for any
class of vehicles, but the maximum heat pulse duration is short (1 min). Total
heat input ranges from 10, 000 to 30, 000 Btu/ft2 . Ablative and heat-uink material5
are used widely in these structures.

Orbital vehicles, such as existing manned and unmanned reentry capaides
and boost-glide vehicles, sustain the lowest instantanevas heat flux (4 = 200 to
500) over a much longer duration than those of ballistic reentry vehicles. The
total heat input is similar to that for ballistic reentry, depending on the range. Az
previously mentioned, radiation cooling with insulated structures and heat shields
pravides the most efficient method of thermal protection for these vehicles.

Superorbital vehicles that must reenter the earth's atmosphere on return
from a space mission present one of the most critical problems in thermal pro-
tection. Instantaneous heat fluxes approach those for ballistic reentry (4 = 20'?
to 1100 Btu/ft2 sec) and must be sustained for long time periods. The total hc,
input (Q = 50, 000 to 300, 000 Bu/ft2 ) is highest for any class of vehicles. A co.:>-
bination of absorptive and radiative thermal-protection systems will most likely
be required.

A typical mission flight corridor for a winged reentry vehicle with a spe-
cific W/CdA is shown in Fig. 3.

Within each class of reentry vehicles, considerable variation in materials
requirements is met, depending on vehicle design and nature of the flight.
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2.' . Materials Considerations

As anz illustration, let us consider the process of defining materials re-
quirements for reentry vehicles, specifically those vehicles that do not have spe-
cific lifting and control surfaces such as wings and fins, and which are character-
ize by a lift-to-drag ratio of less than 0. 5. Design of this class of vehicles would
f•s t of all be governed by the environment as generally described in Fig. 2. Next
Like complete range of environments likely to rpresent problems must be examined
for the subsystems of interest. For these reentry systems the aerodynamic
thermal environment is likely to be a severe problem for heat shields, radomes,
insulation, and sealants and a lesser one for primary load-bearing structures and
internal structures. The solar thermal environment as well as solar and nuclear
radiation will also adversely affect :radomes and transparencies. Stresses due to
static, cyclic, acoustic, accelerative, and thermal factors will likely be a problem
for heat shields, load-bearing structures, and to a lesser extent, radomes and
sealants. Insulation would not be affected. Impingement phenomena (meteoroids,
sputtering) should affect only the heat shields and radomes. High vacuum is not
likely to be a problem for any of these sub-systems. Nuclear radiation adversely
affects heat shields, radomes, and sealants.

Based cn this environment, we must then attempt to determine the most
important parameters governing the various subsystems of this type of vehicle.
Table 3 shows those properties which have been judged to be of primary and
secondary significance for reentry vehicle performance. Having determined the
significant properties we next specify the ranges, if known, over which these pro-
perties may vary.

A complete specification would include the range of properties required for
all the materials to be used in the system, based on the e-pected environments to
be encountered.

Once the required materials have been. • scribed as completely as possible,
the design of optimum materials to meet these requirements can proceed. Two
examples will be given here of thermal protection materials developed for reentry
structures - a thermal protection composite for heat shields, radomes, etc., and
coated refractory metals for leading edges of lifting hypersonic vehicles, etc. The
first example is that of Lock-Heat, a family of composite materials for thermal
protecztco systems based on Inorganic bonding of various refractory fibers, de-
veloped by Lockheed Missiles & Space Company. The material system can be
modified for each application, to encompass a wide range of physical and thermal
properUies.

The fabrication process possesses great versatility In the placement of the
various strata, i.e., the structure, insulation, porous refractory skeleton, and
ablative-loaded refractory skeleton may be fabricated in any sequence. Moreover,
the types and amounts of the various Ingredients can be adjusted to provide optimum
performance for minimum weight and most significantly they can be tailored to
specific design requirements.
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Table 3

SIGNIUFICANT MATERIALS PROPERTIES AFFECTING
REENTRY VEHICLE PERFORMANCE

Hev•f, Shields Internal Structure

Ultimate Strength Yield Strength
Yield Strength Elastic Modulus
Ductility Toughness
Stress R.apture
Toughness Radomes and Transparencies
Conductivity
Specific Heat Ultimate Strength
Emissivity and Absorptivity Elastic Modulus
Effective Thermal Capacity Dielectric Constant
Melting, Boiling Points
Corrosion Resistance Insulation

Primary Structure Conductivity

Ultimate Strength Sealants
Yield Strength
Elastic Modulus Ultimate Strength
Toughness Elongation
Oxidation Resistance Creep

The properties requirements are given below for one of the

subsystems of Table 3.

Ablative Shields

Key Requirements: Environmental Conditions:
Heat of Ablation (q*) 15, 000 Btu/lb Space environment: 1 to 100 r/hr

(does not include re-radiation) dose rate
Structural integrity at reactive tem- Meteoroids: bombardment at , eloc-

peratures ities up to 72 km/sec up to 4000
Low thermal conductivity km altitude

(4( 0.8 x I0-5 Btu/br-°F-ft) Entry environment: high heating
rates ()2000 Btu/ft2 -sec)

Applications of interest with the Lock-Heat design capability include heat
shields for missile and satellite reentry, radomes for high temperature use, exit
cones for rocket motor components, and insulation of rocket components. Radar
cross-section reduction and vulnerability reduction are obtained through control-
led energy absorption. Figure 4 shows the backface temperature response of a
Lock-Heat composite exposed to long time heating.

- .- ~V ~
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For radomeS on misailes and spacecraft, the high thermal loads associated
with reentry require both ablative cooling for high intensities and ihn•satic-, for
long soak times. A noncharring ablator is to be incorporated in a thin outer shell,
while insulation will be provided by an inorganically bonded fibrous quartz network
of fairly low density. The dielectric constants of the inner and outer shell will be
bal.. nced to a particular ratio prescribed by electromagnetic design considerations
f,, the two frequency ranges to be transmitted. This approach is believed to be
",nique in ,aurrent radome designs. Further applications oi this versatile teclhique
can be expected in the future.

A summary of mechanical properties determined for a specific Lock-fll-.
formulation is presented in Fig. 5, indicating modulus as well as tensile and
compressive strengths at room and elevated temperatures. It is bnmediately
obvious that Lock-Heat possesses certain physical properties at elevated tem-
peratures which cannot be achieved by homogeneous materials. Consequently,
under some circumstances, Lock-Heat materials can be considered for use as
load-bearing structures and can also provide for mechanical attachment to sub-
structures.

Refractory metals and alloys will be used most extensively in high super-
sonic and hypersinic cruise and hypersonic boost-glide or reentry vehicles.
Limited local applications will be made in certain types of missiles and boosters.
Development of these metals is required in the material forms and possessing the
properties indicated under environments specified below. -

The materials will be used on supersonic and hypersonic cr se vehicles
and hypersonic boost-glide and reentry vehicles on their lower vurfaces, loading
edges, and nose cones under conditions of heat flux ranging fromm 5 Btu/ft2 -sec
to as high as 200 Btu/ft2 -sec. The corresponding materials equilibrum surface
temperatures will range from 2000 to 45000F. Exposure times will range from
300 hours at 2000OF to 25 hours at 45000F. Transient heat fluxes as high ns
16, 000 Btu/ft2 -see will be experienced on the nose and leading edges of high
performance missiles.

Coated refractory metals may be used for these applications ai4 for
portions of the structure adjacent to the nose. However, the short-time duration
of the heat pulse will tend to favor the use of ablatants. Some conditions which
will influence designs and choice of materials are:

* Maximum loads will not occur at the same time as maximum

temperatures.

* !'atigue, creep, and stress rupture from cycling temperatures

and stress will be critical in design.

* Acoustic levels of 165 to 185 dB at the power plant to 205 dB

on the surfaces will occur at high speeds and low levels.
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The material forms required will be sheets less than 0. 060-in. -thick,
sandwich structures in foil gages -- 0. 005 In.; extrusions may be required for
low altitude cruise vehicles. For fastening and joining, welding and brazing will
be favored but mechanical fasteners will also serve. There will be little use of
castings, but forgings, weldments, and pressed and sintered parts wiil be used at
local strong points (Ref. 5).

Properties that are required in these materials are good ductuA`I., re-2L-

tance to crack propagation, stress corrosion, and weldability. In addition, these

Nsterials must have good oxidation resistance or compatible coatings must be
S-ailable for protection from low parti1l pressure oxidation. Besides the pure

metals, alloys with good formability and which can be resistance-welded shoald
be developed. Some desirable properties are elongation greater than 4% and
ductile-to-brittle transition temperature less than - 1000F.

Because of the long heating times and heat flux levels encountered, special
materials problems exist at the leading edges of the aerodynamic control surfaces

S (nose, wings, and fins). If a refractory material is considered, it is readily found
that radiation cooling results in radiation equilibrium temperatures which can
easily exceed 35000 F, a temperature regime which is much higher than can be
tolerated by all but a very few materials.

Because of the high temperatures produced at the leading edges of control
surfaces of hypersonic lifting vehicles and their sustained flight of an hour or more
through the earth's reentry corridor, the penetration of the heat into the Interior of
the thermal shield and oxidation of the surface can occur. These conditions present
problems In materials selection and design for these structures. The backface
temperature of the heat shield must remain sufficiently low so that there is little
danger of thermal failure of the attachments and the supporting structure. The
material must resist surface oxidation which could cause shape changes that would
alter the aerodynamic characteristics of the control surfaces (Fig. 6).

Success in using coated refractory metals requires careful matching of
design features, manufacturing sequences, and service requirements to the
characteristics of available coating systems. No one system has universal applic-
ability since many factors other than temperature govern the basic performance
and useful life of coated parts. Experience In the aerospace industry has shos.:
that adequate reliability can be achieved in the scale-up of coating systems from
the laboratory to production hardware. However, this can be done only within ti-h
performance capabilities of a given system as established in relation to a specific
design and end-item use. Even the best of coating systems has an imposing
number of limitations with respect to design, manufacture, and use. Most of the

_d problems in using coated refractory metals result from a failure to recognize and
design within the basic performanee capabilities and Inherent limitations of these
materials.

The available performance data for specific coating systems are difficult
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to evaluate due to lack of standardized testing procedures. Althougih coating com-
Posildons are stindardized, uncontrolled variations in specimen geometry, spe-
-imen preparation, coating thickness, and testing conditions have produced a
comenahat confusing picture of performance capabilities. Although the situation
har L1 -roved considerably in the past year, a vast amcunt of work remains to be
da ýo accurately aud adequately characterize these materials. Available In-

,__ion shOed be treated in generalized terms and should not be considered
• desigu criteria.

The major lirnittio ,: in 1 c 11 ie ef coated refractory metals arise from
v'axiations in he •bas•ic factors that cozi4rol uce•ul life and mechanical. properties.
The more im-er"np ,t of these factors are operating temperature, effective coating
tlickness, effective substrate thickness, and atraospheric pressure and composi-
tion.

The relation of coating life to temperatire and Initial coating thickness
and the similarity in average life of all Wilicide-base coating systems suggests
Lhat a common factor controls overall perform•_ice, Studies c. MoSi2 coatings
on molybdenum at Lockheed Missiles & Space ,oo-oipany have resulted In a new In-
terpretation and more complete understanding of coating behavior that may provide
the key to the problem cf predicting coating life. R now appears that useful life
may be governed by the time required to convert the coating from the higher sili-
cide (MoSi 2 ) to the next lower silicide (Mo 5 Si3 ) by diffusion.

Figure 7 indicates this change taking place as a function of time at elevated
temperature (Ref. 6). The predicted lifetimes of MoSI2 coatings are shown in
Fig. 8 (Ref. 7).

3. THE GLASS FIAMENT-EPOXY RESIN ROCKET
MOTOR CASE

The factors involved in selecting the overall deslgi features of a rocket
motor for a specific missile function are established at the time the missile sys-
tem is conceived. The requirements are based on the state-of-the-art and its
projected growth throughout the period of motor development. In transforming
target values lrto reliable engine components, sound judgment is the key in de-
ciding when advanced technology can be incorporated Into an operational system.

Once a choice of propellants has been made, the motor case and inert
parts (nozzles, liners, and insulation) necessary to give minimum weight and re-
liability can be analyzed and tht. size and scope of the supporting development
program measured to make sure that the projected values ot strengths, and hence
weighte, are realistic In terms of deliverable hardware.
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Let us consider a solid propellant rocket motor development for a missile
system designed in 1960 to be operational in 1965, projecting 1960--1965 growth

A in terms of state-of-the-art and improvements in one area: the motor case (Ref.
_4 4). The motor cases of interest are complicated by a number of off-center open-

ings, i.e., for thrust reversal, nozzles, and igniters. Based on projected
weights required and money available for development, of what material should

0 we make the case and of what magnitude should the development effort be?

"Initially, the rocket industry made solid propellant motor cases out of steel.
As increased performance goals demanded lighter weight cases, steel case
strengths were increased, and the lower density high-strength titanium alloys
were given serious consideration. Finally, still lower density glass-filament-
wound cases came into use. Motor cases of these three structural materials were
analyzed in relation to their 2,960 strength and weight. Forecasts of expected im-

provement in the state-of--the-art were made and considerations other than strength
and weight (i. e., cost) which were expected to influence selection of a structural
material for an advanced solid-weight propellant motor case were also evaluated.

Improvements expected in 1960 for incorporation into production hardware
by 1964 and beyond are shown in Fig. 9. The projected values are presented on a
strength-index basis, The strength used is the membrane hoop stress developed
in the cylindrical section of a motor case as a result of the proof hydrotesting of
each chamber. The strength index is the value obtained by dividing the stated
strength value by the density of the structure. All values presented are for
chambers without thrust reversers, and some weight penalty will be necessary for

chambers with thrust reversers in a forward dome.

3.1. Filament-Wound Glass

A 1960 index for glass of 0.858 x 1i6 was obtained from the then current
proof hydrotest stress of 60, 000 psi, the then current density of 0. 070 and glass
filament strength of 250, 000 psi, and a burst factor of safety ca L. 25. A 1961
index of 0. 943 x 106 was obtained from an improved proof hydrotest stress of
66,000 psi (reflecting improvement in winding inefficiency factor from 43 to 14%)
and the same yalues of the other parameters. Without additional reduction of
winding inefficiency factor, a 1964 index of 1. 058 x 106 is obtained from an im-
proved proof hydrotest stress of 76, 000 psi (resulting from an improved glass
filament strength to 270, 000 psi and a reduced burst factor of safety of 1.20) ana
an increased density of 0. 072. A 1966 index of 1.097 x 106 is obtained from an
improved proof hydrotest stress of 80, 000 psi (resulting from a further improve-
ment in filament strength, some improvement in winding efficiency with such
improved design concepts as large, single-end openings with winding terminating

short of the polar region, and use of large metal inserts of reduced weight and
reduced burst factor of safety of 1.176) and an estimated density of 0. 073.

The projected strength-index values are plotted in Fig. 9 for the years in
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Hie which production glass ctses are expected to be ready for use with prqpe' lant.

th

3.2. Titanium

A 1960 index for titanium of 0.776 x 106 was obtained from the 135, 000 psi
.4t-treated yield strength currently being produced with the 6 Al 4V alloy with a

1.25 yield factor of safety (proof bydrotest stress 124, 000 psi) wa the 0.160 de•n-
teel. sity of this alloy. A 1961 index of 0. 915 x 106 was obtained from an improved

proof hydrotest stress of 160, 000 psi attabiable with the B 120 VCA alloy at a yield
.ctor of safety of 1.15 aid the 0.175 density of this alloy. The reduced yield

factor of safety was projected on the basis of an expected improved product reli-
ability. A 1964 index of 1.075 x 106 is obtained from an improved proof hydrotest

-re stress of 188, 000 psi (resulting from an improved heat-treated yield strength of
i~gth 180, 000 psi now being developed and expected to be In production use in 1964, and

a further reduced yield factor of safety of 1.10) and the 0.175 density of the B120
VCA alloy. A 1966 index approaching 1.1 x 106 is hopefully anticipated with a
slight improvement in proof hydrotest stress to 192, 600 psi (resulting only from an

improved heat-treated yield strength without further reduction in the yield factor
of safety). The density is unchanged at 0.175. These strength-index values are
plotted In Fig. 9.

3.3. Low Alloy High Strength Steel

A 1960 index for steel of 0.651 x 106 was obtained from the currently used
heat-treated yield strength of 200, 000 psi and the currently used yield factor of
safety of 1.25 resulting in a proof hydrotest stress of 184, 000 psi (density is 0.283).
A 1961 index of 0.866 x 106 was obtained from an improved proof hydrotest stress
of 245, 000 psi associated with a 1. 15 yield factor of safety and a 245, 000 psi heat-
treated yield strength. A 1964 index of 1. 035 x 106 is obtained from an Improved
proof hydrotest stress of 293, 000 psi associated with a 1.10 yield factor of safoty
and a 280, 000 psi heat-treated yield strength. A 1966 hidex of 1.09 x 106 is hope-
fully anticipated with a slight improvement in proof hydrotest stress to A18,000 psi
associated with the 1.10 yield factor of safety and a 295, 000 psi heat-treaeted yield
strength. These strength-index values are plotted ii Fig. 9.

3.4. Results

The question now arises: what have been the results of research and develoj:-
ment aimed at meeting materials requirements set in 1960?

By 1965, the predictable development of the three chamber designs con-
sidered will lead to a situation where the strength-to-density ratios of all three
materials, based on hoop stresses In cylbixrical vessel bodies under ide•J coi-
ditions, will be indistinguishable for all practical purposes (close to 1.1 x 106).
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As shown by the actual strength index values plotted also in Fig. 9, our re-
search and development, end-item oriented to a low-cost minimum-weight reliable

- • glass-epoxy chamber, has led to 1964 properties slightly surpassing the projected
goals. Actual values of proc hydrotest stress of 78, 000 psi are being achieved in
production of solid-propellant motor chambers today.

Development programs instituted in 1960 on filament-wound composites
"have covered (1) numerically controlled filament winding, (2) process variables
"such as winding tensions, (3) prepreg treatments, (4) resin investigations, (5)
cure cycles, (6) mandrel designs, (7) optimum case design, (8) closure problems,
(9) moisture pIckup, (10) dimensional changes and tolerances, (11) and finally, the
development of newer high strength glass, the Owens-Corning S-994, which de-
monstrates 30% improved stirengb properties over EDPlaa filaments. Based on these
programs, the projected targets for 1965, estimated in 1960, can be more than
adequately met.

& .The selection of the construction material for a specific motor case design
must also take cognizance of other factors such as external loads, storage environ-
ment, aerodynamic heating, internal wall temperatures during combustion, relia-
bility and costs. On cost alone, a choice in 1960 could have been made based on
projected strength/density ratios being projected as near equivalen . in 1965 pro-
"duction, with ratio of costs being roughly in the following order: Tl/glass * 10/1
and steel glass vt4. 5/1, on a cost basis. These are only rough-order-of-
magnitude estimates.

Development costs as well as production costs may likewise be expected to
be greater for metal cases than glass 2ases; however, the reliability of glass
cases may not be as high as desired because of the lack of understanding of a
number of factors pertinent to composite structures:

* Bond degradation -- shear strength loss or. cyclic loading,

heating (aerodynamic, etc.)

* Effect of moisture absorbed during storage

"* Shear strength of the bonding resin in the presence of stresse•

due to external ground handling loads

*• The effect of resin curing process on the dimensions and si•pes

of the case and on residual stre,%ses

S* Methods of flaw inspection for these composite structures

These questions have dictated the supporting research and development
programs so that the glass filament-wound motor case could be tailor-made with
end-servic~e orientation in mivd.
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Perhaps, the greatest improvement in the state-of-the-art in th-- use of
fila", ent-wow-, strudtures for solid propellant motor chambers came about prlina. ily
"from the interaction of materials research with design. The end goal, a minimum
weight structure, could not have been obtained by research on materials alone,
even uitb an all-out effort on the development of new glass compositions and newer
rel-. systems. Instead, it resulted from the interaction of optimization In design
a*-. iaterials research, and with the =alyses carried out to understand all of the
.crtinent factors of glass-chamber manufacture in order that the full properties of
,lass fibers could be obtained in the final end-item vessel. Since filaments carry
load only along their axis (but not at any angle to their axis), minimum-weight
Jlass chambers will be achieved when the industry Is able to wind fBlamente e2AIv
i,. the axis alorng which stresses are produced, Uhereby obtaiuing an istensoid body.

At burst pressure, all filaments are stressed to filament ultimate strength and all
fail simultaneously. This condition has not yet been attained with closed-end
vessels; it can be done with open-ended cylindrical bodies.

Mid domes have been the major sttunbling block in attaining the reduced-
weight potential of filament-wound glass chambers. Much research has been ex-
pended in the study of the end-dome contour. Because filaments on erd domes can-
not yet be placed to align exactly with developed stresses, more filaments than the
required minimum are necessary. Since extra filaments on end domes become
extra filaments longitudinally on the cylindrical portion of a chamber, full fila-
ment strength Is not utilized In the longitudinally wound filaments. It was com-
mon, about a year ago, to have chambers in which hoop-wound filaments attained
essentially 100% filament strength at burst while longitudinal filaments attained
only 65% filament strength. Resin content of the compo@ite did not have a very
large effect.

When final modifications of end-dome contour were accomplished for op-
timam utilization of the glass fibers, strength utilization in all fibers more nearly
approached 100% than any other design, permitting weight reductions.

4. LIGHTWEIGHT, DUCTILE BERYLLIUM-ALUMfNUM ALLOYS

Another example in which advanced requirements for aerospace missions
have directed the development of new materials is the series of new beryllium-
aluminum alloys, designated Lockalloyw, developed by Lockheed Missiles & Space
Company. In this case the requirements were not specific to one missile system
but were general to a variety of potential vehicles (Ref. 8).

Theoretically, beryllium with its high Young's modulus of 42 x 106 psi and

low density of 0. 066 lb/in3 is one of the best candidate materials for structural
applications in missiles and spacecraft where compression buckling and crippling
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is likely to be encountered. The serious drawbacLs of pure beryllium are, of
courbe, its brittleness and extreme sensitivity to surface damage. The results
are poor fabr-cability and machinability. These serious objections have been
largely overcome !n the ductile Icckalloy, which retains much of the favorable
elastic modulus and density of pure beryllium.

Lockalloys cnsist, essentia'lly, of a fhie bex•lliuia network emledded in
n.ratrix of ductile aluminuim. The practicsl heat t-'ed.beit and processing

""sch,.edules give an extreni-nly wide range of inicrostrcuiref,, and, consequently,
4 a..nusually large range (if mechanic.4 xr~o -.-. Laboiatory studics reveal

L ; siguificant changes (F- x 1,6 psi) .- 7ouig's modalus cal: bc ootained by bcat
L.a;euent. These c.-•-, can be reLb,: :_. qt.:,titatively to ti- iberylliam particle
size and its complexity.of ,shape. A furiober important discovery is that theise
alloys also manifest straLi-aging behaviyoar.

Figures 10, 11, and 12 are comparisons of the elastic weight'hi6x verssu.
. ~composition for --he L.ock~lloys and for other important competitive alloys. Th•e

SelasLtic weight irtex:, ai used here, is the ratio of te density of the alloy to the
Ssquare ree oi oi - vd~u~us. The lower th.- value of the elastic .eight index, the
more suitable is the alla:. Beryllium has a value near 100, wIz~reas alaiinum
aud its alloyý. ar-, near 300. The loclulloys, both in the roll& and amne-aleo co.-
dition, have intermncdi•te vralues around 140. Tic position of typical magnebiunri
alloys is indicated k; the squares along the right-hand side of the graph.

A comparismo af the mechanical properties of Lockalloys is given in Fig.
13. lite bar grpt.. ticpIct the relative values of tensile strength, yield strcngth,
bend ai.glo, dersity.. and ulastic modulus for the Lockalloys, beryllium, mag-
nesluai, &a.d alri ,. in. This method of presentation shows quite clearly the
favorable overaJl rroperties of the Lockalloys.

This newly dc-,eloped structural composite alloy offers: (1) }igrificait
weight savings over Mg and Al alloys in compressively loaded structire and (V)
advantages over Be in the form of improved useful ductility; relative Lnscnsitivity
to suriace damage as compared to Be; freedom from tedious chemical e'ching
after machining; and improved machinability, weldability, fabricability, and
forming characteristics which should result in significantly lower installed cost.
The range of modulus, strength, density, and ductility available in Be-Al allo:o
presentb a wide variety of previously unattainable trade-offs to the spacecraft
desligier, thus oeabling him to meet many advanced system requirements.

N
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IMPREGNATED REFRACTORY METAL ROCKET
MOTOR NOZZLES

One of the most severe environments with which we must cope in the aero-
sp% •c industry is that posed by the very hot and corrosive gases of the rocket mo- 4

e&xhaust. Materials suitable for use as nozzles for directing the flow of these
.ses must meet a unique combination of rigorous requirements including the fol-
lowing:

* Extreme stability of the structure (L e., virtually zero change
of the critical dimensions due to high pressure and temperature
applications)

* High resistance to thermal shock during heating and cooling to

prevent structural failure of the component during service

* Fabricability, including machinability, 9n an economical pro-

duction scale

* Optimum reliability and reproducibility of relatively large sized

components

When these stringent specifications were applied in the case of a recent
nozzle development program, the choice of materials became by necessity extre-
melv limited (Ref. 9). Tungsten and tungsten composite materials were believed
to have more potential for meeting requirements than other high temperature re-
sistant materials of appropriate physical and chemical properties. However, the
requirements could not be completely satisfied with the materials and processes
at that time available. A materials development design and process optimization
program had to be initiated to bring to the stage c; commercial availability mate-
rials with the desired combination of properties for nozzles by the time other
parts of the complete system were ready.

With the application of infiltrated tungsten, the program became success-
ful. Billets weighing up to 200 pounds of pressed and sintered tungsten of less
than theoretical density (80%) are infiltrated with a metal of high thermal con-
ductivity anad high vapor pressure, such as copper or silver. Although much higher
in cost, silver is preferred over copper because it best fits the infiltrant require-
ments of a low boiling point under the softening temperature of the tungsten, a sa-
tisfactory temperature span in the liquid state, a high heat content in the trans-
formation from a solid to a vapor, and complete lack of reaction or alloying with
the tungsten.

Nozzles made from silver-infiltrated tungsten have shown no erosion in
full-scale prototype firings with high-energy propellants. Some thermal cracking
of the outer diameter of the throat inserts has been observed, but the cracking has
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not hampered nozzle performance. However, ai a - esulL of Improvement in ma-
nufacture, thermal cracking has been reduced to an allowable minimum. It is

believed that transpiration cooling of the Infiltrant, resultbig in film blocking in;
the boundary layer of the exhaust, accounts for the superior behavior of the in-

filtrated tungsten nozzle inserts.

To achieve optimum end-use performance of this composite, all of the ma-

-afacturing processing variables must be rigidly controlled and carefully optL-Aizm

Two of these variables were found to have significant bearing upon the ultimate

properties. One of these Is the tungsten powder particle size, which apparently
influences the ultimate matrix density, permeability, tensile strengti and tei,silt

Laodulus of elasticity. The other is the !nfiltratioc temperature a.-i infiltramt
feeding technique which significantly influence the composite tensile strength,
which must be about 33, 000 psi at 1500oF, and the thermal condu•idvity, which
must be high enough to minimize thermal stresses. Figure 14 cor.nares tensile
strength of infiltrated tungsten with the pressed and sintered tungsten matri 'while

•oi4 Table 4 gives the mechanical and physical properties of Infiltrated tungsten at
C • various temperatures.

With the demands for longer range in future missiles, longer burning tb-les,
higher mass flow rates, higher temperatures, and consequently higher energy pro-

V1_ pelants will be required. Required will be lighter-weight constructions of nozzle
components capable of withstanding the severe environment, The state-of-the-art
of materials technology at this time is such that a major breakthrough tn materials
development for nozzles L required to produce components of low -chemical re,-
activity, high erovion and thermal stress resistance, and low weight for service
to temperatures as high as 7000 to 80000F.

6. CONCLUSIONS

In the preceding four ex:mples, we have examined instances of materials
developed with specific properties or combinations of properties to meet the re-
quirements of advanced missile and spacecraft requirements. Not only havu re-
quirements on properties steadily become more stringent but also the compres . :.

in development time has become more evident. As shown in Fig. 15 (Ref. 10), •.
S. Pellini of the U. S. Naval Ref sarch Laboratory has expressed this convergence

, of system complexity (increasing) and development time (decreasing) very suc-
clnctly:

'Ila the old days of evolutionary growth in functional capabilities we
could rely on the input from the day-io-day problems of hardware
development to sense the direction of R&D requdred to attain the next
incremental step in functional capability, In effect, research mana-.
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gemetnt could proceed by adapctation, i.e., by sensing future direction
from current 3xperience. Today; we must nrnipntt tri itynce
in functional capabilities that can be attained only by jumps in capabi-
lities of materials to perform more efficiently or to endure more
severe environmental conditions. Actually, the analytical problem is
complicated by a variety of possible jumps, each with a specific related
jump in materials capabilities...i

TI IIt must be the job of the maorials researcher to perform the necessaryi- analysis of requirements and to effect the necessary synthesis of materials tomake these jumps not only possible but to a high probability of success, predictable.

Future progress in the awrospace field is critically dependent on the solution
of these crucial materials problems as they arise. Materials requirements for
lunar space missions may reasonably be expected to be more severe than for sa-
tellite applications; Venus and Mars probes will put yet more rigorous demands
on our ingenuity In supplying materials.

Traditionally, the point of view of the user of materials was to fit the design
or product to the properties of a material. This attitude has changed. The major
concern now is finding and applying a material or materials with the right com-
bination of properties to meet the design and service conditions. This attitude
is end-service oriented, and leads obviously and inevitably, to the tailor-making
of materials.

K

|S .'
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EXPLOSIVE WORKING OF METALS

by John S. Rinehart

Introducti on

Many metals are now being worked using the forces generated by explosive
charges, and within the past ten years, a whole new technology has developed in
this area which has been adopted throughout the world by several hundred manu-
facturers. By now, the techniques for explosively working metals, compacting
metal powders, work hardening, drawing, forming, swedging, welding. and cut-
ting metals are well understood and established.

Utilization of explosives to do work is not new. Explosives have been used
constructively for many centuries by mining and civil engineers and farmers for
blasting rock and earth and for removing obstructions, and they have been used
for destructive purposes in military operations. It is, therefore, somewhat
surprising that metal workers delayed so long in adopting explosives as an effective.
tool. Perhaps the main reason for this is that a knowledge of explosives is not one
of the normal accoutrements of the average engineer; in fact, most engineers
consider explosives to be dangerous and uncontrollable materials, which, upon
detonation, produce exceedingly unpredictable effects. Quite the contrary is the
case. Explosives are only dangerous when misused. Their proper application is
not hazardous, and their effects are just as predictable as other types of force
generators commonly used in metal working operations.

EXPLOSIV ES

Explosives fall into two categories: low explosives or propellants, and
high explosives. Chemically the two types of explosives are not substantially dif-
ferent. They both contain chemical compounds rich in carbon, hydrogen, nitrogen,
and oxygen, which react exothermically to produce large quantities of hot gases,
carbon dioxide, carbon monoxide, nitrogen, and %ater vapor, that, on expansion,
can work metals. The compositions of several explosives are listed in Table 1.
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The heat of reaction ranges from about 700 cal/gm to 1200 cal/gm depend-
kacg upon the explosive, and the amount of gas released ib in the neighborhood of
1000 vc/gm when the gases have been expanded to normal temperature and pres-
su rp~. Low explosives differ from high explosives in the rate at which the chemical
reaotion takes place. In low explosives, burning is relatively slow, only taking
plave at the surface of the mafterial and moving inward at the rate of a few centi-
meters per second.

Furthermore, the rate of burning is strongly dependent upon .ambient pres-
-. 'jre; thus, confined propellant charges burn much more rapidly than when un-
confined. The usual propellant charge takes several milliseconds to burn itself out.

4 High explosives, on the other hand, react extremely rapidly, detonation
proceeding through the exploisive at a rate of 6000 to 7000 km/sec, and the reaction
is insensitive to amnbient pressure. High explosive charges are consumed in a
matter of microseconds,

The pressures generated by low explosives depend upon the extent to whic'h
the evolved gases are confined, pressures commonly ranging from 20 to 5 kilobar5:.
Rioi explosives generate pr-3&3ures of 200 to 300 1hilobars, the pressure being
independent of the amount of exýplosivv or confinement.

META L-EXPLOSRV E SYSTEMS: LOW EXPLOSIVES

Many type!.. of metal-ewpl-sive szystem& have bween developed, some utilizing
Jow eklpiosives, and other& high l'ove.The low explosive system is usuwilly
a closed system in %&hich Ll'e r'roo--liant is sealed with4in the workpiece, which, in
turn, is surrounded by the die. The part to be formed expd-ndb and assumes the
desired shape as a consequenc' (if the steady, relatively slowly developing internal
pres.,ure resulting trom the t-1;enirig ol the propellant. In practice, tor ease of
(IpeTAti on, the, svstt.nms sbo" or-n PigE.. I and 2 are quite common, the charge being
contained Ln a Lhot-gun-lihe c,--f r Age, which is ea--dly ignited externally. Ini the
bulging operation oft Pig. 1, the vot szase~s fill the work-piece, pushing it into it.,
new shape which i.- determined hv the shape of the die. The situation in Fig. 2, a
Itree forming opieratiOn, is dille,.-erlt in that the final preosure is p~reselect~ed so
that the workpie.,- assumes tse de-sired shape without the use of a constraining die.

A modification of the same sort of system is, the operation illastrated in
Fig. 3. In thi.s '-Ase., the propellant gases actuate a pistor, whicht in turn, pushes-
against hydraulic tbuld contained within the tublar blank to tw orined, che fluid
bulging the blank to tht: sheape ot the closed die.

A spark - i piter guide, hav ing two bulges, and far med I roi Ty pe 310
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steleA tubing, is shown in Fig. 4 along with a blank .. ' -hc ' ;je fr ( hi'
j~ j >med. Th e hlanl was 5/8 in ch O. D. , 2 7,//8 inchot- )'~ -t b a .0. inch

lh.41v~, :.ind wa.- formed in a closed ,;v;:Lcm using 1mo,,wKo.%d r in ~Ce rl~fl-

Ti.? i !L2. -Lrttd in Fig. 1. This isi si nmpt ione of the many p-i rif. 'h, t c,,.n be :or med
tbir 3~.; T~ou olosed 6yyitcm utilizing pr'r"-pdants is e.-peebl ~ji) .O1 for :, !-Ming

.~*...cd vubc~s used in ma:nufactureit t~ ircraft parts. Al1'o, Ymny compa,ýie.s
'~~ .91..CA~ly~sizing tubing by thib mcl-hW.

Lo", e plo)6ive., w' c oh are usually j n Lit .~ jorin () gun powder a re #asy 10
:.kagc, Xandlo, and igrei.;IC. They arc 4.j rc!J. tively noi se fret,.. Conotequ ti!I~y

ai o fi aiding '-xtensive uisage in sinal) oa rt& industries. They have Ib-e dis-
.~.I~n~geofbel-g usetil only in closedI ;y.,tuern which are difficul.t to L.tbricate

'd tmaintain ,-id 1-speciaiiy bo when thc oartb to be. worked are large..

M RTA L-E XPLOSNVE S'YSTE M: HIG H EX PLOSIV ES

High eqil.-Aveis are -itilizcd in two ways:: in one, called a stand-ofif '.per-ttic',
th'c oxptosivc he:c ib piaced some distariur. trorn the work-piece, usuaUlY with
water' separating them; in the second, called a contact operation, the explooiive i6

p-~:din intimate ;on(iL~ct with the work-p-itce, or may be separated slig'illy :rern
it by: anr intervening layer of solid materia].

S'TYA NTD--)FF OPERATIONS

A tvpical stiniI-ritt i~werati,.ni q1ti)-zvn~ ;i i onc.-ntrated point charge i.s it-
J -. r,t 3ej in Fig. 5. Thte ch-I.rge. is plaet'.ai n %wltcr -,orne distance above the w-wk-

0. výieh in thisc,s'. consists (if a fN:re pliall lit d down at the ýAgels. The wor k-

plc :" is aluive a din. and wihen it ih tic h, t~te wave generated by dton,- ti.,rn

c.-. Lho- \hc~'IC it is pei_-rL v down tt o .r~i.arrin us' ce shape of the ic e On dP.Lord I.,o'e,
Lb:high Jiex-tre. lCo,1,u pt'rodJOiS VUr,.-I.-e:b 1.he water, cx ealinig an intentse,

tl-i.ný,ienL pucsslire piulse, or* sh..t.k wgx.V, wl-ich moves down througii the water v i,!
.J. VOobI' o.i aout 2 1rn/ cc 'Ihz a( oj! p!9.0 maide from L~~I olperation, a sm-1

-ic] flt'll Itu or i J'-((-kirlrl, i_- ;ri twn nFig. 6. Thu.. pqrt -A-t.~ tc~irica~ted from :Iv.

.. ~ tl)~.'~ 'tei0. 00F. inch(,s tbi;.k dfl.I tivouit ., iiuihs in diarnietor. The explJosh~e
w i dt-'Loi.itfi 0r11?f-iflg Aihout 20 gr-iin -i.t _;q~posivc: and wa..3 ov.fiUotn~ed 2 imnces

Thc 1 'J ttiort ,jnaid irqaittfl'oy of ;,,)k. r, -4ter shock depends upon two fa-l-r

Lhc' Sjit -ý' 11', ew'1os'iVC OIT'hK r.2 and Qil. dis.tfico I rom the charge, being rt- .tA
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siccifically by the two equations:

Pm= A (Wl/3/R) D

and

I = B W1/3 (W1/3/R) F

where A, B, D, and F are constants given in Table 2 for three different explosiv-s-
P' is :Jhe peak pressure; I is the impulse; W is the weight of the charge; and R is
the distance from the charge at which the pressure and impulse are measured.

Nomographs relating peak pressure to charge weight and distance, and
impulse to charge weight and distance are reproduced in Figs. 7 and 8 for TNT.
Nomo•raphs for other explosives will not differ substantially from these. Note
that peak pressure and impulse are much more sensitive to distance than to charge
weight. The preszure time profiles of shock waves generated in water by a one
pound charge TNT are illustrated in Fig. 9 for four distances from the charge.
The ma-imum pressures are in the neighborhood of one kilobar and the duration
of the waves of the order of 150 microseconds. In some stand-off operations, air
instead of water separates explosive and work-piece.

Since the coupling or impedance match between the explosive and air is so
much less than the coupling between the explosive and water, the pressures of the
shock waves in air will be very much less, one-fourth to one-fifth, than those in
water, as illustrated in Fig. 10.

High explosives come in many forms, ranging from liquid nitroglycerin,
which would never be used in an explosive forming operation, to granulated powder-,
cast and pressed blocks, and more convenient forms such as dynamite, sheet
explosive, and Primacord. By far the easiest of these to use are the sheet ex-
plosive, an E. I. duPont .a Nemours product consisting of a PETN-rubber mixture,
and the Primacord, a small-diameter column of PETN wrapped in a plastic sheath,
both of which can be readily cut and shaped. Electrically triggered detonators are
generally available to set off the explosive.

A cubical, short cylindrical, or spherical charge produces a spherically
expanding shock wave. In many explosi' e forming operations, such a shock docs
not produce the distr ibution :4 pressure on the work-piece that is best suited to
forming the part, oo that it is common practice to use other charge con.figurat ions.

The ring cbarge uekin a cupping operation (Fig. 11) is made either from
sb-ef explosive or Primacord. Such extended explosive charges are used when
la, e p-. tz are 1.icrig formed and it i-, desired to distribute the explosive force
m:n,- ,-,'ly over" a %ider area. The arrangement of Fig. 11 has been used sue-
(.es•t�.i n forming troi j/16 inch thick mild steel the 8 ft diameter railroad tank
ca- '.• I .-hown iv Fig. 12. The ring charge consisted of 4.4. pounds of duPont
EL `106 f•castic zncet explosive.
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The forming of a corrugated cylinder is best accomplished by usin.g a line
charge extending the full length along the axis of the cylinder as illustrated in the
setup of Fig. 13. Figure 14 shows, on the left, a 6 inch diameter work-piece of
0. 01 0 inch thick A-286 stainless steel, and, on the right, the final corrugated
cylinder formed by this method. Tolerances in this case were 0. 002 inches on
the diameter. The explosive was a length of duPont mild detonating fuse.

The three systems, (concentrated point charge, Fig. 5; ring charge, Fig.
11; and line charge, Fig. 12), are only representative of a very large number of
others which are essentially modifications, combinations, and permutations of
these three. The sizes of the systems and the shapes and sizes of the parts pro-
duced therein range w'.ely. The cupping operation of Fig. 11 has been used to
produce parts weighing only a few ounces through missile noses 5 or 6 ft in dia-
meter and on up to dishing the ends of tank cars and other structures many feet
in diameter. There is almost no limit, small or large, to the .Aze of piece.
For exceedingly large pieces, multiple charges are sometimes used, these being
fired either simultaneously or in sequence.

Techniques for choice of die construction, charge configuration, and de-
tailed design features of many specific processes have been worked out. In most
cases in the past, this has been done empirically using trial and error methods.
However, a number of productive, more fundamental studies, are now underway.
The matters to be considered are hold-down rings, die material, and die place-
ment. A typical assembly for drawing a blank is illustrated in Fig. 15.

Hold-down is accomplished by a pressure plate held in place by 3/4 inch
bolts. The space below the work-piece is sealed with and O-ring so that it can be
evacuated. Evacuation is common in most operations of this type. The presence
of air is not desirable for, on compression, when the work-piece begins to move,
the air, being heated adiabatically, may cause the work-piece to weld itself to
the die. The vacuum need not be a good one, a pressure of a few centimeters
being entirely adequate.

There are many satisfactory die materials. Kirksite, the die material of
Fig. 15, has been widely used because of its ease of fabrication. But equally
satisfactory dies have been made from concrete alone, concrete lined with laminated
plastics, wood, plaster of Paris, and other easily shaped materials, as well as
steel and aluminum. The choice of a die material is determined by the nature and
size of the part to be produced, and the number of parts. The entire die is then
usually placed in a large tank of water where the explosive will be located.

The size and construction .oLthe tank varies from operation to operation,
but its construction presents no unusual problems. A typical tank is shown in Fig.
16. This has a somewhat special feature in that air bubbles are used to ameliorate
the shock from the explosive, preventing the shock wave from damaging the tank
itself. &Sch an air cushion, while a common feature of many tanks, is not at all
essential if the tank itself is strong and large enough.



CONTACT OPERATIONS

Cutting, welding, and work hardening of metals, and the compaction of
metal powders involve using explosive charges detonated in intimate contact with
the materials being worked. tUndei such circumstances, the very high pressure'.,
;e~ve ralt million pounds per squarE. inch,3 developed withiji the explosion products,

a.-I di reetly upon the mei al., influen,-i ng i t inr -?, very different way than if a stand-
ov1. operation were used. On detonati-on, Ine e~'rtosion products push against the
mf-wl itsell, Setting up within. it high) rnte,-ýsjy shock waves which traverse the
mý-.19l at a rate o)f sevei-al thousand tec1 Pe_- seuond. The particleý velocities a's-

s. lted with this sho..k ii4 j ,e f ew L~hou sand teet per second, about 2,000 iL/sec in
Lbu' ca;_,c ot an explosive &dtionated inj conta-ct with steel.

Consequently, dliirng WE~ transition of the shock, the material is -highly
compressed, to denbiteb w~ to 40 percent aLbove normal. Thus, the material, if
a mew.tal, may be substantially wo4- hardened as a consequence of this compres-
-ziori. Manganest 6 teelI its cespecially amenable to work hardening in this way, and
e.x~pl; ii ve hai dening of manganese steel has been widely adopted in industry. The
techn~ique is to apply to the surface of the piece to be work hardened, commonly a
raiilrvoad swit,ýh trog or the prongs of a steam shovel bucket, a layer of explosive
in the form of duPont EL-506 sheet explosive, and then to detonate it. The in-
crease of hardness achieved in this way is illustrated in Fig. 17.

If the material is a powder to be compacted, then the temporary density
in -rease attained during ftansit ot the shock wave is retained permanently as a
result of the filling of voids in the material. A number of techniques have been
adopted for accomplishing this compaction. Usually the full force of the explosion
it; too severe, breaking up the powder to be compacted, and must be attenuated.
W~ater or steel or some other intezmediar-y material is used to lessen the force
ot the explosion, as illustrated in Fig. 18. In this case, the powder to be comn-
pressed is placed within a -3teel tube which in turn is surrounded by a thin layer
of ci~plosii'e. On detonation, the explosivFe contracts the steel tubhe, which corn-
proi:.ses against the powder, ,:ompacting it. Extremely high powder densities,
greater than 99 je- cent, have been .3chieved in this way.

There are two type6 of cutting ope-tations. In one,1 the full force of an
explosivye is used to s:heai the m-tteria.!) iv' two, such as the cutting of an I-beam
iflust-rated in Fig. 19. Such operitionb have. been of great milit','ry import for
many y~eaT s,, and consequently there existb ý, large amount of empirical data re-
garding the amount of explosive needed to accomplish various tasks. The second
tvpe of cuturn ope-ration is more subtle. The transient shock waves generated by

IM the ex~piosive tcharges are harnessed and directed to cut in a preselected manner.
This,: ha~s become more po.4sible in recent -,.eai's as the nature and interactions 01
such shock wave., have beuomie better understood. A typical example of the cutting
action of ,uch waves is illustrated in Fig. 20, which shows the way in which an
ex~plosivc charge can be used to break up a square ingot into fotir large identival



XXIX - 7 -

pieces. Cutting results from the interference of reflected shock waves, tension
waves arising from reflection at free surfaces of a compression wave.

There are a large number of situations like this in which stress waves can
be used in a predictable manner to fracture cylinders, blocks, ingots, and like
bodies. The guiding principle is that. through the interference of transient stress
waves, highly localized inhomogeneities in stress develop which break the material
apart. Fracturing of this type is not always desirable, there being a number of
cases in hardening or compacting materials using explosives where unwanted
fracturing develops. Enough is now known about the dynamics of transient stres-
ses and their various interactions so that usually such deleterious fracturing can
be eliminated.

Welding or cladding of one metal by another has been one of the most suc-
cessful of the contact explosive working operations. The two basic systems for
accomplishing welding and cladding are illustrated in Figs. 21 and 22. In the
system of Fig. 21, both plates are projected by explosive charges detonated simul-
taneously. In the operation of Fig. 22, the heavy plate to be cladded is placed on a
firm foundation with the thin cladding plate projected against the parent plate by a
single explosive charge. The stratagem is to project one plate against another at
high velocity in such a way that a firm bond develops between the two. The critical
parameter in the system is the angle , the angle between the two plates.

CONCLUSIONS

Although it cannot be expected to replace most conventional metal working
operations, explosive working of metals has now become firmly established in many
metal processing plants. The processes where it has been most effectively and
widely adopted fall into two categories: those in which the process can only be
done by utilizing the exotic and extreme conditions generated by explosives, such
as work hardening of manganese steel, compaction of metal powders, or the pro-
duction of re-entrant contours; and second, those in which the working of the
metal could be accomplished by other means but only at excessive expenditure of
time, effort, and money. The sizing of missile noses, or the production of a rail-
road tank car fall into the second category. These operations could be performed
by conventional methods, but construction and procurement of dies and presses
required to produce these latter parts are only economically feasible when a large
number of production parts are anticipated. Explosive forming of a few parts on
the other hand is relatively inexpensivc and simple since the dies a-nd tanks re-
quired are relatively easy to fabrica,:e.

While explosive working is playing an extremely sigrificant role in the highly
technologically developed countries such as the United States, it seems destined to
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play an even more important role in legs technologically advanced societies where
progress is being hampered by the lack of expensive capital equipment. Since
e•plosive forming, in -. "st I-se,,,,. requires reiativeiy little capital outlay, the
tW.•hniques are ideally suited to making up for this lack. There appears to be no
reasoi why a c, untry such as Argentina shold not avail itself of these new explosive
working methods and techniques to solve some of the metal working problems which
it is now facing.

p
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Table 1. Chemical Compositions of Several Explosives

Name Formula

Nitroglycerin (NG) C3 H5 N3 09

Nitrocellulose (NC. (C6 H7 H3 0 1 1 ) n

Trinitrotulene (TNT) C7 H5 - '30 6

Pentaerythritol tetranitrate (PETN) C5 H8 N1 2 0 4

Cyclotrimeth.vlene trinitramine (CTMTN of RDX) C3 H6 N6 06

Trinitrophenylmethylinitramine (Tetryl) C7 H5 0 8 N5

Picric acid C6 H3 N3 07

Lead trinitroresorcinate (lead styphnate) C6 H3 N3 0 9 Pb

Lead azide PbN 6

Mercury ful mi nate C2 N2 0 2 Hg

Table 2. Parameters of Shock Wave Similarity Curves for Several Explosives

Peak Energy
Prey sure Impulse Density

PM 1 t) E (t)
Time of

Explosive Density 10-4 A D B F 10-3C G Integration

TNT 1.52 2.16 1.13 1.46 0.89 2.41 2.05 6.7 0

Loose tetryl 0.93 2.14 1.15 1.73 0.98 3.00 2.10 5.00

Pentolite 1.60 2.25 1.13 2.18 1.05 3.27 2. ', 2 6.7 0

(W in lb, R in ft, E = in-lb/in2 , Pm in psi, I in lb- sec/in2 )
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Figure 4 Spark Igniter Guide and Preform (Courtesy
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Figure 12 Tank Car He-ad (Courtesy E. L. duPont de, Nemours, Inc.)
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NEW METAL MANUFACTURING PROCESSES IN THE U.S.A.
OF POSSIBLE APPLICATION IN LATIN AMERICAN COUNTRIES

by

F. R. Morral

Let me begin by admitting that since this is my first visit to South America,
I cannot be specifically acquainted with your plants. Therefore, I am limited to
morc genertl considerations, based on broad economic conaitions. This paper
concerns, primarily, manufacturing processes for steel since the steel industry is
considered in all countries to be the most important.

I understand that the purpose of this meeting is to increase productivity, in
order to achieve the objective of a higher standard of living for the people of your
nations. Increases in productivity will be due to invention and innovations, for
which, of course, research and development provide the base. These innovations
and developments wiLl have to be adapted to your own resources and related to the
particular needs of your people. You will not be able to just buy a plant or adopt
a material. Rather, I believe, innovation or change will be necessary in any case.
In the U. S. and other highly mdustriaLzed nations, the continued improvement in
manufarturing, engineering, and industry depends to a large extent on the discovery
of new manufacturing techniques and equipment which reduce the cost of metal mak-
ing and fabrication.

The problems I foresee are: who is to support the effort necessary to bring
about innovation? How can you successfully bridge the gap between research and
production? Most of your organizations are small, and so I suspect that many of
your firms cannot afford to invest the capital that may be necessary to introduce
technical change. In fact, companies in the various countries may wish to consider
forming international industry associations to be able to do it. There is evidence
pointing te a high correlaiion between the size of the firm and itn ability to assimi-
late scientific information, without which innovation is impossible. No doubt this
stems in part from an inadequate scientific and technical awareness by manage-
ment of the smaller firms. There is also the problem of heavy capital investment
by small firms.

A serious probiem may be the unavailability of qualified scientists and en-
gineers engaged in research in your countries. Two others that you have, no doubt,
are: unbalance of research support in the different segments of the industry and the
difficulties of communication between those doing research and thor e who are in a
position to apply the results. If researchers cannot get the results of research
across to those who can make use of them, their effort is largely wasted.
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Finially, therei are economic factors that have an important bearin. ,dý the
diffaslon of innovations within industry: the firm's rate of growth, proafi. !-!,

iiquidity, and other nonmetallurgical factors.

3•rocesoes Under Consideration

There are a number of alternaLive ctheod of producing useful metal
.iL .: (1) cast n.iolten metal InLu a b-oished sbape; (2) cast molten metal semi-
comithiuously or coartinuxmljy ilto _-gots, bar, plate, rod, or other finirhed shapes,
rails, etc. ; (3) dissolve the ote- or concentrate, into an electrolyte and then ixýakc
the finished shape by elcctroforming; (a) obtain the metal as powder, which subse-
quently is manufactured inic the end •hape by powder metallurgy.

Becoming mnoi c specific, metlJlic materials may be shaped or formed Ly
one or a combination ol the gorteral. methods indicated in Table 1. The choice de-
pends upon thp character.-i.-tics of t.be. material, the dimensional accurac, requir'ed,
and the expense permitte:d. De tailed Jnformation on the characteristics of these
processes, their possibili.ies, avid limitations is given in Tables 2 and 3.

Many of the difficullies encountered with the casting processes can be tra-

ced back to melting practice. The following points should be kept in mind:

(1) Use and cbarge only clean material of known composition

(2) Use only clean furnaces or crucibles for melting

(3) Melt as quickly as is reasonably possible

(4) Melt in a nearly neutral to slightly oxidizing furnace atmosphere

(5) Do not superheat metal more than is absolutely necessary to
insure adequate temperature as it is introduced to the mold

(6) After removing from the furnace, skim the molten metal care-
fully without stirring or excessive agitation

(7) Keep accurate temperature measurements of all melts

Foundry products generally liave a poor reputation; however, vby control,
a great improvement can be acbheived. For instance, voids caused •, ,ihrviau
during solidification are one of the primary sources of the low properties of, it,
e,.\?arple, aluminiun castings. &irface defects on parts made in sand castingý. arc
cortnon. Castells has shown that these defect.4 ca, Ie eliminated by controllifu
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the pH of water-soluble constituents forming part of the sand L). Controlled foundry
practice, proper melting and casting procedures, avoidance of oxide inclusions,

to produce guaranteed high-quality castings. An interesting innovation in making
small castings is the self-heating crucible developed by Kemwell, Ltd., England.
This consumable crucible does not require an outside source of heat and melts me-
tals up to 3180 F. Ten pounds of many common engineering metals can be melted
in 10 minutes (2).

Steel Mill Costs

Figure 1 is an outline of a traditional steel mill. Continuous casting of
some steels and nonferrous metals is now done commercially (Figure 2). I note
that you have already installed some units in Argentina, Mexico, Peru, and Ve-
nezuela.

A fully integrated steel mill costs between $ 350 and $ 600 per-ingot-ton-
annual capacity, of which $ 60-90 per ton is for the blast furnace. Economically,
then, it seems worthwhile to consider one of the many methods of iron ore reduc-
tion other than the classical blast furnace (see Table 4). Generally, these require
smaller investments, have greater flexibility of operation, and often employ a
larger proportion of manpower. In addition, they do not require good metallurgical
coking coal, which is relatively scarce in some of your countries. Among these
methods, the following are most important: electric iron smelting, low shaft
smelting, and other so-called direct reduction or direct iron methods which pro-
duce, in some instances, a high-grade product equivalent to scrap, and in others,
some variety of pig iron with special characteristics. In Table 5, a comparison
is made of the cost per-net-ton of iron, the total investment, and investment per-
ton annual capacity (4). Note that in the rotating-furnace process, the total cost is
about half that for a blast furnace of the same capacity.

The electric furnace requires only one-half as much fuel reductant per ton
of iron as a blast furnace. Of this small requirement, only one-third need be lump
coke and the balance can be low-volatile coal or coke breeze. The Wiberg-
Soderfors furnace operates efficiently in alits with outputs as low as 100 tons per
day.

Steelmaking and Remelting of Sponge Iron

Steelmaking, on a small or medium scale, does not present the same pro-
blems as ironmaking. Summary cost data for both are included in Table 5.

Recently the British Iron & Steel Research Association announced FOS, a
new fuel-oxygen-scrap process. This was developed successfully on a small unit.
It can probably be used commercially for both small and large operations. It is
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estimated that the cost of ingot makinng •s'idud e $ 2. 50-3. 00 less than with
electric steelmaking on a similar scale.

Figure 3 shows melting times, operation for various methods of making
steel, and some advances (5). It may be seen that all processes are accelerated

by using oxygen. Oxygen converters cut the cost of converting iron by $ 4-8 per ton
or roughly, in half.

Several techniques have been developed for the removal of gases from
molten steel to reduce in-plant metal losses and improve the quality of the finish-
ed product. Efficiency of process, mechanical simplicity, and flexibility of
operation are usually sought. Among the various new processes adopted by
some American concerns are the Ruhrstahl-Heraeus and the Bochumer-Verein
Processes. Vacuum degassing has been used primarily to remove hydrogen from
large ingots of forging-grade steel. The Ruhrstahl-Heraeus Process also effects
removal of oxygen and some nitrogen in the production of a wide variety of forged,
cast, rolled, and continuous-casting plant products. This includes low-carbon
strip for the automotive industry, for which vacuum degassing has only recently
been considered.

The consumable-electrode vacuum-melting process is one in which elec-
trodes made from a primary air-melted heat are remelted by an arc process.
The product thus remelted solidifies in a water-cooled copper mold under vacuum.
The cost of such material in the U. S. is about five times that of air-melted steel,
and I do not believe the material is of interest to you. Similar results can be
more economically obtained by: (1) stream degassing, (2) ladle degassing, and
(3) the Dortmund-Horder (DH) process. In essence, each of these processes in-
volves exposure of air-melted steel to a vacuum while the steel is still in a molten
state. This usually results in a lower inclusion content, particularly those in-
clusions considered injurious to steels-oxides, silicates, and aluminates. Alloy
additions can also be made under vacuum. This permits extremely close control
of chemistry and permits producing variations in chemical analysis which hereto-
fore were impractical. These processes have, I believe, great possibilities in
your countries.

Coatinuous Casting

Continuous casting shapes and solidifies the metal, readying it for semi-
ftaishing in virtually one step (see Figure 2). This process, therefore, eliminates
several costly steps as may be seen by comparing Figures 1 and 2 (see also Table
6). It reduces the number of personnel needed by half. For you in Latin America,
it also may help solve some problems concerning ores, coke, and power.

Continuous casting may bring dramatic savings of $ 29 per ton. Capital
savings run as high as 50 per cent, and it is reported that operating economies are
even greater than they appear. Not only are fewer people needed, but the scrap
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Iobs is drastically reduced so the yield is raised from about 70 to more than 80
per cent. A mater.al with a good surface can be obtained, The Roblin-Seaway
Industries Dic., at Dunkirk, New Ycrk, claim to be able to produce steel billets
on their continuous unit for $ 30 a tox± less than the $ 115 per ton that is the cur-
rent market price for billets. Theoretical figures show that savings could be double
that. The mill Is expected to turn out 120, 000 tons of steel this year. Estimated
saNings: $ 2 million a year over a conventional mill producing the same amount of
steel, says Mr. Roblin, the president.

It is interesting to note that nearly 100 years ago (1865), Sir Henry
Bessemer took a patent in England on pouring steel directly onto two water-cooled
, ',llers and then withdrawing solidified plates. This technique, although not used
,)n steel, is being used on some nonferrous metals which have lower solidification
temperatures than steel. Incidentally, a modified technique is used, in which metal
powder is shaped into sheet between two rolls. But more will be said about this in
a companion paper.

Figure 4 is an outline of the continuous-casting installation. Although re-
cent for steel, this type of setup has been used for semicontinuous casting of alu-
minum in the U. S. since the end of World War II.

Other methods have been adapted for special purposes. For critical bear-
ings such as those used in aircraft engines, it is necessary to melt in vacuum.
Induction-vacuum melting is the term applied to a process in which a cold charge
is melted in an induction furnace and subsequently poured into ingots. This is es-
sentially a small-topnage operation.

Continuous casting of slabs for wide strip and heavy plate mills (1.5 m wide,
22.5 cm thick) has been discussed by Desfossez• '. He describes operation of a re-
cent continuous-casting mill in Germany and compares costs and space requirements
of this with those of conventional mills.

The mold is the critical component of any continuous-casting system. There
is a critical rate of descent for a billet of any given cross section. Exceeding this
rate results in a solidifcation crater so deep that the skin may be warped and
broken by the tensile and hydrostatic stresses exerted as the metal emerges from
the mold. The rate of descent, or withdrawal speed, is further limited by the
tendency of solidifying metal to stick to the mold.

Two-inch-square billets have been cast at speeds of 450 inches per minute.
Figure 5 shows recent developments in the use of curved molds.

The reluctance of U. S. steel manufacturers to accept continuous casting
stems from two misgivings: technologically, the process has not yet been applied
to the production of all types of steel and, economically, most manufacturers are
committed to operations into which continuous-casting methods are not easily as-
similated.
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Some plants are not ready to scrap their present. rather expensive, -quip-

menit. N1ow in 1964, however, National Steel announced building a mill containing

the 3 devices for producing more steel at lower cost: oxygen furnaces, vacuum

degassing, and continuous casting.

Continuous casting, so far, has not duplicaftedthe combination of physical

and chemicai properties that characterize the "deep dtawing" rimming steels.

This is the type of steel used for automobile bodies, tGi plate, and galvanizing

sheets for many appliances. One plant in the U. S. hypes to produce a steel with

good deep-drawig properties by vacuum degassing the liquid steel before it is

poured into the ladle. If the steel does not have suitable deep-drawing charac-

teristics on fabrication, failures and waste may result..,

The investment in ingot-rolling machinery is so great that a profit-making

primary mill of the continuous type must have a rated capacity of a million tons of

steel per year. A continuous-casting plant, however, may have a much smaller

capacity, so that the desired plant expansion can be accomplished in smaller incre-

ments than conventional equipment would efficiently allow.

The basic oxygen converter is best adapted to the needs of a continuous-
casting machine because it can more readily supply the molten steel.

In summary, then, continuous casting offers capital savings as high as 50

per cent, with great operating economies. One company estimates an average cost

of $ 10 a ton for installation and an average saving of $ 15 a ton in production costs.
Under such conditions, a unit can pay for itself in less than four years. Plate and

bar can be cast without the heavy-equipment blooming mill and part of the continuous
mill. However, the ideal time for a producer to consider the use of a continuous-
casting machine is when he is building an entirely new iron and steel mill, from
blast furnaces and refining furnaces, through mill products. Thus, you, in starting,
have an advantage.

Controlled Pressure Pouring

Another process which eliminates the need for a primary rolling mill, just

as does the contin tous-casting process, is known as controlled pressure pouring
(see Figure 6) (8)* The pressure-pouring mold often is capable of appreciable ad-
justments in the size of the section cast. As compared with continuous casting,
very good surface and greater flexibility of cast-section sizes are obtained. This
technique should be of particular value to the producer of specialty steels for whom
sizes and annual tonnages are small, but the number of sizes required are large,
as is found in high-volume plants. This process should be of interest to tool,

stainless steel, and high-quality alloy steel producers, where special shapes are
required. One such special shape might be a slab of metal 1 to 2 inches thick, 20

to 40 inches wide, 60 to 96 inches long, which then would be directly worked,
either hot or cold, to final size. This technicque has been very successful on some
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difficult-to-work metals, such as superalloys, cobalt and nickel base, and re-
fraorU~Jy Iijeml4~ WLbingsiet, etc

To obtain the desired mechanical and surface properties due to working,
a reduction in size of at least 10 to I is required. Thus, the size of any precast
or continuousiy cast slab which is destined for a secondary rolling operation must
be kept sufficiently larger than the final bar, billet, shape, or sheet to allow
adequate working.

The concept of the operation is simple. A ladle of steel is lowered into a
chamber. A ceramic pouring tube attached to the chamber cover is placed over
the ladle and the assembly lowered until, at the sealing level, the tube reaches
within a few inches of the ladle bottom. The cover assembly is then clamped in
position by hvdraulic ralms, and a mold assembly is placed ovyei the pouring tube
on top of the tank cover. Pneumatic pressure is applied to the chamber in which
the ladle rests and forces molten steel up the pouring tube Irnto the mold cavity.
Once pouring begins, pressure is somewhat reduced to -?-ntro. the rate of flow.
When the mold is filled, a special stopper arrangement seals off the pouring tube
from the mold and the pressure is then reduced to normal in the ladk chamber.
Either the ladle chamber or the mold will then move away, depending on plant
design, and anothei empty mold will be sealed on the top of the pouring tube; the
process then is repeated. The entire cycle is rapid, a matter cf a very few
minutes, and size changes in the mold are compensated for by use of differing
pouring-tube sizes. The large mold, for example, is fed at a much greater rate
per minute than are small wheel molds.

Several years ago, an interesting process using pig iroe was developed by
Stora Kopparbergs Bergslag A. B. (9). The process (see Figure 7) consists of
mixing 85 per cent granulated pig iron and 15 per cent high-purity iron ore con-
centrate. The mixture is packed in a box made of thin sheet steel and decarburized
at 1100 C. Then, at 1100-1200 C, the box of granules is rum in a standard rolling
mill. This sheet shows good deep-drawing properties and welds normally. It can
be produced for an estimated $10-20 per ton less than for steel sheet made by con-
ventional methods.

Properzi stem - foa Rod and Wire

For continuous casting and shaping of nonferrous metals such as lead, alu-
minum, copper, and zinc, the Properzi system (see Figure 8) is interesting. Three
units are now operating in Latin America, producing conductor-grade aluminum rod.
Two models are available: on the small unit, 3,700 pounds per hour of 3/8-inch-
diameter E. C. aluminum rod can be produced; while on the large unit, up to 9,000
pounds per hour can be produced. On this unit, also, about 10 tons per hour of cop-
per rod can be produced. In some quarters, it is believed that this method of pro-
ducing conductor redraw rod will render obsolete the now conventional method(7 ).
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The -unit consists of two major pieces of equipment -- a rotary casting
macýhine and the hot-rolling mill in tandem with the casting machine. The ring
"mold of the casting machine consists of a groove, roughly triangular, machined
in copper, bounded over an arc of 150 degrees by an endless steel belt which
forms a flat side (the top) of the mold. Molten metal moves from a holding furn-
ace and passes through a cast-iron spout where the metal is deposited onto the
wheel. This rotates in a clockwise direction. The sheeted metal passes through
a water-cooling sequence, then leaves the casting wheel as a solid at the 7:00
position.

The wire emerges from the 17th stand at a diameter of 0i 300 inch. Larger
sizes of wire can be made by reducing the number of stands used.

A wide variety of problems can occur during solidification -- laps, seams,
splits, fins, large slivers, scabs, roll marks, neckdowns, enfolding, or off-round.
Smeared or embedded oxides also may be visible. Laps, scales, folds, cracks,
and covered seams occur just below the surface.

These problems must be detected and controlled to produce quality products.
The cost of a unit is about $ 450, 000 for the caster, furnace, and supporting equip-
ment. No licensing or royalty payments are involved (Steel, March 30, 1964, p 133).

Working

In 1938, the Krause mill was proposed (10). It was then ahead of its time,
but now bears careful consideration particularly because of the new materials avail-
able for rolls. Figure 9 shows the principle of operation. The heavy plate is intro-
duced behween two rolls which are forced to come closer together as they move along
the inclined plane, thus essentially drawing and rolling the small bite of the plate
takcn and forcing reduction.

The use of sonic and ultrasonic vibration in controlling grain size during
solidification of steel and nonferrous metals may be of interest to you. A recent
summary report indicated that, for U. S. producers, grain refinement by sonic or
ultrasonic treatment may not be economically attractive for steels going into ev 2,ry-
day applications. It could however, be a very acceptable method for avoiding or
minimizing undesirable properties attributr-d to banded structure. Incidentally, t,i.
technique seems to hold much promise for grain refinement of weld metals. Con-
siderable work, both of a fundamenlal and practical nature, is necessary.

In the past few years, a number of new forming techniques have been de-

veloped. They are listed and compared with conventional techniques in Table 7.
In a study of hard-to-form materials it was found that some showed increased
formability at high velocity (up to 1000 ft/sec). Ductility was higher for some of

these materials when this forming was done at temperatures other than room tem-
perature. (W. W. Wood, Product Engineering, September 30, 1963, p 713). In ad-
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dition. stainless alloys, light aiiuys, superalloys, and refractory alloys (Mo, W,
10-10 Cb) were tested.

The application of ultrasonic energy to conventional metalforming and melt-
ing operations is sufficiently promising that the technique merits your attention(1 1 ).
Data indicate that ultrasonic energy offers metalworking greater speeds, lower
forces, and improved surface finishes.

These new high-energy-rate methods require considerably lower capital
investments, produce parts to closer tolerances and with unusual material pro-
perties, and offer the ability to form high-strength and even brittle materials.
The distinguishing characteristic is that work is performed during a rapid release
of energy Some of the techniques require special precautions, but the advantages
far outweight the hazards.

Liberating large amounts of energy at high rates can produce different ef-
fects on different metals, High explosives, propellants, gas mixtures, and high-
pressure gas may be used in explosive-forming techniques. In the electric-
discharge type of high-velocity metalworking techniques, three processes have
been developed: (1) exploding wire, (2) spark discharge (see Table 7), and (3)
magnetic field. The forming can be done in either a liquid medium or in air.
The working velocity in these techniques is greater than 30 feet per second (see
Table 7). In addition to metal forming, these techniques have found use in
hardening, welding, metal removal, and powder compaction.

High-energy-rate forming (HERF) has permitted cost savings of 30-50
per cent. Difficult metals, thin walls, fine tolerances, and complex shapes are
formed in a single blow.

Electric-spark forming is now a production tool in the U.S.A. A prime
feature in the economics of this process is tooling, which saves half the cost.
This process will make complex, even severe, shapes to fine tolerances. Spark
forming makes parts ir. a 10-second cycle. Cleaning, after forming, is possible
in operation because the spark energy and shock wave homogenize oil in water.

Magnetic forming has a good chance in the production of small parts. In
tube expanding or swaging, shape control is excellent and there is no springback.

Ausforming, a thermomechanical process, is of particular interest because
of the good properties obtained. Data obtained on several steels will be presented
in a companion paper. The steel is deformed while it is still austenitic (in the un-
stable austenite range) and then allowed to transform to martensitle, A high strength
level, together with satisfactory ductilities, is obtained.
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Heat Treating

To develop the maximum properties of an alloy, heat treatment may be
necessary. These may be classified as follows:

Steels (see Figure 10) Other Alloys

Annealing: process, stress-relief, Solid-solution treatment
bright, "cyclic"

PrecipitaLion treatment or
Normalizing aging

Austenitizing

Cast Iron
Hardening: patenting, austempering

martempering, ausforming Malleabilizing

Tempering

Carburizing

Nitriding

I have been actively engaged in heat treating metals and alloys in salt baths.
About 15 years ago, I became convinced that this proceesing technique had great
possibilities because it could bo applied to small or large processing runs.
Although control is necessary, it is ,iot difficult(1 2 ). A basic knowledge of the
chemistry permits use of simple means of control which will minimize any dif-
ficulties (13) (see Tables 8 and 9). Salt baths are a dependable and economical
method of heat treating. Heat transfer is rapid and the p., ccss is applicable to
most metals. It should be suitable for the new techniques of austempering, aus-
forming, and martempering steels.

Salt baths are useful for cleaning surfaces which have refractory oxide
films. The chemical surface may be changed by carburizing, decarburizing,
and cyano-nitriding. Other elements may also be applied to the surface by the
use of salt baths and may be encouraged to diffuse into the surface of the part.

Machining

Machi.,ing is a well-known manufacturing process. New and unconventional
techniques are given below:

Principle Process

Electrical-discharge Vaporization of workpiece by high-
machining frequency electric sparks
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Principle Process

Electromechanical Electrolyte dissolves reaction products
machining formed on workpiece by electromechanical

action

Chemical milling Controlled attack of workpiece with SL. ,able
chemical reagents

Ultrasonic machining Abrasive particles activated by tool vibrating
ultrasonically remove workpiece material
by impact

Electron-beam machining Vaporization of workpiece by impinging high-
energy electron beam

Plasma arc (and laser) Melt metal, blow metal out of
machining groove by angling torch

Powder Metallurgy

Powder metallurgy was long considered an expensive method limited to
relatively small shapes because of pressures required. However, there is now
renewed interest in this process. Table 10 lists its advantages. Metal parts are
formed by compacting metal powders to a certain shapc; and size and then sintering
the compact at elevated temperatures (below the melting point of the main com-
ponent) in order to obtain a material of the desired physical properties.

Frank.'g I envy you engineers operating in Latin America. You have ahead
a wonderful 6pportunity to use your creativity and know-how as you design and make
operative new industries and adapt processes best suited to your local conditions,
raw materials, power sources, needs, and economics. With largeness comes a
certain restriction of innovation, with specialization comes a narrowing. It is in
this younger stage of development, in which you now find yourselves, that the most
ingenious and creative work can be done. Your creativity and skill today can bring
great eccnomic and technological advances to your countries.
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TABLE 1. METHODS FOR SHAPING OR FORMING MATERIALS

1. Casting While Liquid Into Molds
(A) Gravity casting (with little or no added pressure)

1. .xnd (gr-een and dry), shell, plaster, investment-cas ting
mold

2. Semipermanent molds
3, Permanent molds

(B) Centrifugal casting-symmetrical or small unsymmetrical objects
(C) Direct casting or continuous casting of plate, sheet, bar, or rod
(D) Die or pressure casting

IL Working (Hot or Cold), Heading, Piercing, Drawing (Wire, Tubing), Cup-
ping, Forming, Spinning

(A) Hot-rolling mills -- blooming, billet, continuous, or Morgan mills
(two-, three-, or four-high cluster mills)

(B) Cold rolling -- continuoub, tandem, Steckel, Krause
(C) Forging -- harnmer, press, or die (open, closed), upset swaging

II. Extruding (while in a very plastic condition at a suitable temperature either
just below the melting range or, with some metals, close to room temper-
ature)

(A) Hot extrusion
(B) Cold extru~sion of Hooker process
(C) Impact extrusion

IV. Miscellaneous
(A) Stamping
(B) Machining
(C) Electroforming
(D) Powder metallurgy (May use extruding or roll compacting)
(E) Joining -- soldering, brazing, welding

~ -t
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TUBLE 2b. COMPARATIVE DATA TO PROCE-S IMLLOW
OR SOLID NONONCO TRXC SHAP? a)

RELATIVE PROCESS COSTSi IN PRODUCTION QUANTITIES

I ?~~~FiWu TOOLING II AOR IIMAYI. 10 I1ooIoW ~ ~~ oII~ooo
PROCESS FI R HOUR LOw 81 WASTE I0 100

I to 20
C Sund up to 30

20 to 300A Dic up to 550

I to 5
S Ccnirifug~l up to 50

Pcrmancnt 10 to 360
T mold

Shell' 10to75
molding

N iInvestment 0 to 1500/day

i 5 to 10

G Plaster mold

Powder 100 to 4000
mctallurgy

Impact 500 to 7200
extrusion

Continuous 2 to 700
extrusion it/min

Roll 50 to 250R'olming

Electro Note 2
forming

Bnkc 5 to 500
forming I

Dic forging 10 to 500 E

Roll forging 1000 to 3000

SmnTo 12,000 1Stamping

Wirc forming I1500 to 30,00,0

Contour 60 to 100
forming

Planing -

Broaching 3 io 2000

Flame To C-0 in./miLn
cutting

Shaping 
I to

Milling I to It')

"4 Contour 2 to 20
"sawin!

(a) PRef: Product Engineering, March 2, 1964, 48-49.
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TABLE 3. GENERAL CHARACTERISTiCS OF CASTINGS

Cost } Isz
Type "_ Times , __ ,akCast

4'& t Ifinish,
Labor Equipment- tM.aterial Typical Pouring 1 Range Avi. it, Min Secton in rms

Rate, per hrb Thk, ,n.

Sand High .Di low, 25 1 3-15 <1 oz to >2U0. Fewounfes SFec-al-YI Require:
tooling high, I I days tons to several - grinding,
pal!ernY4 of ton Ilr5--Y polis;ng.
die !o!s I

P~recision Medium Low High 300 per Mhonth 4-6 Max size not 1-4 0.7550
Sand h igh weeks known. Present

-< lb weight
to 6 f! length

Perma-Inent Medium H'igh Nonferrous•-- ! 0 6.-12 1 o z lo 600• lb 1-10 0.090 WOLM.:2

Mold high, gray I weeks
iroen-low

Plaster __ Medium Low High _ _4-5 4-6 <1 oz to _>100 3-5 0.040-M.0_ 0 so

Mcld high weeks lb

Investment High Varies with Wide<r1e Geeially low, 4.c <!E te 25 lb Up to 1 OX•t 60-wax
quality of higher with plas- weets -wax or plas- and plis-
pattern die I tics pa!tern tic•; >100 lb- tics; 40-
necessary frize• mercury m*cury

Die Low I High High 75-15C alumi.1 8-14 <1 cz to 75 Ib i-! 0.050 so
Snum, magnesium; weeks aluminum; <i

copper.base; 300- o-- to 205 lb zinc

D I)ies. patterns and/or machin",-
b Thcoo figures are rcneral for one set of enuipment. Ae.iurl rate of casting production depends on umber of cavities per mold.
r From comploto cleign Wo production. 4 Average &is of coropettve Ca••ino. F Z'i"h obtainable in limited amre*.

i ..
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TABLE 4. IRON MAKING PROCESSES

I. Smelting Shaft Furnaces Conventinql bl-St f-rnacz lG. .h. Ift

furnace (Demag-Humbolt) +
+

Electric Rirnaces Tysland Hole*; Lubatti*; deSy Ghent +

Electric Furnaces Strategic-Udy*; Orcarb+
with Pre-reduction Dwignt-Lloyd-McWane+

Rotary Kiln Basset*; Stora Kopparbergs Bergslag

U XI. Flash Smelting Flame Smelting (Cyclosteel)ý; Jet
Smelting+; Diamond Alkali

SIL Direct Reduc- Shaft Furnace Wiberg-Soderfors: Lurgi Ga~luser+

tion (gas re-
ducitant)

Retort Madars+.; HyL*
i+

Fluid Bed Esso Little*; Nu-Iron+; Armco H-
* Iron+; Stelling+; Magrigal

IV. Direct Reduc- Tunnel kiln (Hoganas-Sieurinw;
tion (solid re- Kupp-Renn, Bureau of tinery;
ductaat.) R-N+; Bruckner*; Urqfaehart"-

* Commercial +Semi Works TPilot

Source- Iron & Steel, Dec. 1963, p 586
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TABLE 5. C MST OMC. 'Dam• Q'Th• ,A,,•AS ..

Total
Cost per Investment Operating
Net Ton or Ton-Year Costs Remarks

A. Iron Processes

Wiberg Sodefors $62 $1,600, 000 1958HyL $30 $10 1958
Krupp-Renn $40-46 $42-50
R-N $43 $19,500,000 $4Strategic-Udy 

300 t,/day
Submerged arc
Electric $60-75 For 800 t/dayRotating furnace $2, 000, 000 For 130 t/day

Stora-Koppar-
bergs Bergslag)

B. Steel Processes

L-D $23-39
Basic hot-blast
Cupola $40-50 $7-10 70, 000 t/yr or more
Kalds process
FO2 S (Bisra)
Plasma arc melting

ESources:

3.P. Contractor and W.A. Morgan, Iron & Steel, December 1963, pp 596-
591

Iron Age, October 31, 1963, pp 104-105

Fuel-oxygen-4rap process (pietalworking, January 14, 1964, p 6)

G. Magnolo, The Canadian Mining & Metallurgical Balletin, January 1964,
pp 57-62
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TARI.E... COIVMPARISON OF CONVENTIONAL AND CONTINUOUS CAISTING

Conventional Casting Continuous Casting

Melting furnace Melting furnace

Ladle Lidle

Crane transport to casting area Crane transport to casting area

Ingot molds Continuous casting machirte

Rail transport to stripper Seiaifinished products

Stripper

Rail transport to soaking pits

building

Crane to soaking pits

Crane to blooming mill

Blooming mill

Semifinished products

mm
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TABLE 7. COMPARATIVE RATES OF ENERGY RELEASE

Power,
TIpe Equipment size Time,. sec. ft-lb/sec Remarks

Press 80 in/min, 1 in. 0.75 158,000
stroke, 660 ton

Hammer 180 in/sec, 1 in. 5.6 x 10-3 20, 000,000
stroke

Pneumatic 1200 in/sec, 1 in. 8 x 10-4 140, 000, 000
Mechanical stroke

Electrospark 150, 000 joules 4 x 10-4 280, 000, 000 Spark discharge:
(in liquid Spark jumps across
or air) electrodes submerged

in fluid; creates shock
wave. Exploding wire:
Wire between electro-
des vaporizes and con-
verts to plasma, cre-
ating a shock wave.

Explosive 0. 26 lb 2.5 x 10.5 4. 4 billion High velocity pressure
(in liquid wave caused by ex-
or air) plosive deforms work-

piece at high strain
rate.

Electromag- Rapidly changing mag-
netic Metal netic field causes forces
Forming which move workpiece

into die.

Note- 1 ft-lb/se. = 1.82 x 10.3 HP= 1.36 x 1O-3 Kw.

p-
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TABLE 8. COMPOSITION OF COP-MaONLY USED HEAT-TREATING SALTS
(Specification Mil. S-10699A)

Constitent wt %
BaC12
plus

Class NaNO2 NaNO KNO3 Na2CO. NaCt KCI BaC12_ SiO2 CaCL1

1 37-50 0-10 50-60

2 45-57 15-57

45.-55 45-55

4 15-25 20-32 50-60

4A 1 0-15 25-30 40-45 1 5-"0

5 40-60 40-60

6 5-15 85-95

7 98 min*

8 3-7 93--97

* Class 7 salt shall be supplied in four forms containing the following amounts of
rectifier, as specified: 7A--No silica; 7B-0.25 to 1.25 silica; 7 C--1. 5 to 2.5
silica; 7D--4. 0 to 5. 0 silica.

(

p



TABLE 9. WORKING RANGE AND PRINCIPAL USES OF SALT BATH
LISTED IN TABLE 8

Class Working Range, F Principal Use

1 325 to 1100 Quenching and tempering bteel

2 550 to 1100 Heat treating aluminum. Annealing and stress
relieving of copper alloys

3 1150 to 1700 High-temperature tempering of !ow carbon
steel. Annealing copper alloys

4 1100 to 1650 Wide temperature-range hardening and anneal-
ing of carbon steel

4a 102.t to 1400 Hot quenching and tempering of high speed steel

5 1300 to 1650 General heat treatment of carbon steels. Pre-
heating bath

3 1650 to 2000 Annealing of stainless steel. Hardening high
carbon-high chromium tool steels

7 1900 to 2400 Hardening high speed steels and certain high
alloy steels

8 1650 to 2350 Hardening high speed steel and high carbon-high
chromium steels

The composition range of the eight classes of heat-treating salts are given in Table 8.
Table 8 is useful for government purchasing but I prefer a more inclusive c: Lssifi-
cation, as follows:

1. Low-melting salts: oxidizing Class 1 and 2 (Mil. S-10699a)
2. Carbonate salts: alkaline, includes Class 3
3. Case-hardening and carburizing salts: cyanide mixtures
4 Neutral salts: (a) allali metal chlorides, Class , 5

(b) alkaline earth metal chlorides, Class 4, 4a, 6, 7, and 8
5. MisceJlaneous: Caustic mixes, glasses, etc.
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TABLE 10. ADVANTAGES OF POWDER METALLURGY

1. Applications properties 2. Production

Clese tolerances 
Mass-production process

Density control 
Fewer operations

Weight ccntrol 
No scrap loss

High wear resistance Cost reduction

Self-lubrication 
Minimum machining

Parts may be plated Minimum finishing
Parts may be hardened

I

F
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Copper plate
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Figu~re 4 Continuous Casting of Steel
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Figure 5 Continuous Casting of Steel

.. Plunger

Foqndry
S• floor level

Controlled .
air
pressuroe-

Figure 6 Process for Controlled -Pressure Pouring of Whee.1.
With Suitable Molds the. Process can be adapted to
the Production of Steel Slabs
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Granules

Granuiatic~nI
Concentrate

Box with powder
mixture Mixing

Heating Rolling to
recarburization sheet bar

Figure 7 Steps in a Powder-Steell Process
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COLADA CONTINUA DE ALUMINIO

por Juan Luis Ciarlo yr Roland Meillat

Intr od uc ci n

En el presente trabajo hemos buscado mostrar, en forma concreta. el ac-
tual proceso de fabricaci~n de Cables do aluminio-acero y almelee puesto a punto
en CAMEA S. A. en sus modernas instalaciones de Villa Lugano - Capital Federal.

Teniendo en cuenta que la etapa m~s import-ante del proceso la constituyen
la colada y laminado de la barra para obtener el aLanibr6n de $ 9 r-mm, se han
desarrollado ambas operaciones en detalle, on tanto que Las resw rza de trefilado
y cableado se mencionan a trtulo complcnientario, dado que no d ren en l1heas
generales, de lo tradicional.

En lo fundamental, el proceso se basa en el denominado sistema Properzi.

Los primeros resultados obtenidos por Hilario PROPERZI en la colada y
laminado de alambre de Pb (PF 3270OC) ecndujeron a ensayar, con dxito, el mismo
sistema para el zinc (PP 4200CJ) para pasar luego al Alumninio (PP 6580C).

Obtenido el alambr6n de aluxninio sc buEco entonces su adaptacion para la
utilizacidn en la fabricacion de cables conductores.

Las ventajas nue presenta. est 3ibistema al evitar el precalenamiento inter
medio de placas o barrotes antes del laminado o prensado, y la utilizaci6n de ma-
teriales y equipos mucho wIns livianos v veloces, con un menor costo de prcduc-
ci4i,, habZ= despertado anter-lormente el interds de varios investigadores.

Ya en 1858 Henry Bessemer proponila la colada directa del acero entre ci-
lindros refrigerados, aunque lamentablemente con resultadois pocw alentadorce.

Para el caso particulak del aluminino merecen citarse:

A Mquina Hazelett - Para la obtencizm de bandas lamninadas. La colada se efeettla
entre dos cintas metAlicas siv fin, paralcias y refrigera,"xs e~xteriormente
por agua.
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"* A~quina Hunter Douglas - Similar a la anterior, para la ohtenci6n de 1;,indas,
presenta como diferencia el reemplazo de las cintas por cadenas de ele-
mentos de lingoteras articuladas refrigeradas individualmente por refrige_
raci6n con agua.

"* M~quina Properzi - Para la obtencifn Ole alambr6n. El metal es colad') en la
garganta tallada en una rueda de cobre refrigerada interiormente y cerrIa-
da a 1800 por una cinta de acero enfriacla exteriormente por agua.

Las 3 mdquinas tienen como puntos comunes fundamentales los siguientes:

1. No existe desplazamiento, relativo entre el metal en curso de solidIi
ficaci6n y el molde.

2. El molde estd completamente cerrado en toda su. longitud.

3. El contacto entre el metal colado y el elemento refrigerado del mol
de se efectdla sobre una superficie relativamente importante. Por
lo tanto las posibiliclades de regular la refrigeraci~n son amplias.

Los puntos enunciados permiten obtener un Wuen estado de superficic del
prorhucto colado y al no existir desplazamiento relativo metal-molde, so evitan los
esfuerzos mecdnicos sobre el metal en curso de solidificacidn, que pueden ser eveni
tuales causas de fisuras o roturas, altamente nocivas para la transformacifn pos-
terior.

Si bien luego de pacientes esfuerzos logr~se obtener un alambr~n fntegro
(libre de fisuras y sopladuras), quedaba attn por resolver el problema metaldri4c;,
que planteaba la calidad exigida para la utilizaci6n en el campo do la, energra Aeh-c
trica.

Como veremos m~s adelante, la cuesti6n ha sido oportunamente resuelta y
actualmente resulta posible -mediante el control y !a regulaci6n adecuada do his
variables correspondientes- obtener una calidad quo responde aimpliamente a las
e~dgencias de las normas, internacionales.

SI bien este modornfsimo procoso es conocido en algunos parses del mun io,
su presencia vn nuostro pars abre posibilidados insospechadas en cuanto a tonei ~je
y precios, de alambre de aluminio o aleaci6n.

Digamt.3 que, a! 31/8/64, CAMEA S.A. ha fabricado desde la puesta a pua
to del proceso -en 1963- m;Is de 3. 000 Km de cables de diversos tipos, equivalen-We a f i-ndelc glrobioar nosdoel mercadoa 70 b local indon La eprogrtacna depro

a ucin a fin de aglobal del node s~oe edo lasa 70 nycninaon Iu prvogracf hacdepr
otros pa~eps d~el continento, en particular Brasil y Chile.

A continuaci6n detailaremos nuestro proceso de fabricacift que, en sus



AAAI 3

grandes Irneas responde al utilizado habitualmente en las usinas Pechinev en Fran
ciaI, con las l6gicas adaptaciones de una puesta a punto local, que permite igual-
mente inantener el standard de calidad que asegur~a al utilizador nacional y extran
jero [a regularidad de las caracterfsticas exigidas para este tipo de materiales. -

ASPECTOS TECNOLOGICOS DEL PR()CESO

Tanto la elaboraci6n del cable alum inio-acero como la del cable almelec
se cfectdan en las mismas instalaciones. Para el caso del Almelec se utilizan
ademls dos hornos adicionales de tratamiento tdrmico (temple y revenido) indis
pensables para esta fabricaci6n.

En el apdndice se incluyen las fichas t~cnicas de cada m~quina con sus co-
rrespondientes producciones horarias aproximadas.

FUSION

CAMIEA S. A. cuenta para esta oper~aci6n con modernos Hornos Gautschi de
fusi6n, a gas natural, de 7 Tn de'capacidad, equipados con 3 quemadores solidarios
que totalizan uin caudal horario del orden de los 200 m3/h. La marcha de los que-
madores se regula automdticamente por un sisteina de seguridad y la disposici6n
estratdgica de pir6metros de b6veda y de bafto.

Por razones de calilad, como veremos mds adelante, la composicifn de
carga se efecttla proferenlemente con 100% de metal nuevo - lingotes de A5C (alu-
minio conductor); Mg metdlico y aleaci6n madre AS 33 (alum inio- silicio 33%) para
el caso del almelec.

La utilizaci~n preferente de lingotes de la. fusi6n permite, ademds de ase
gurar la regularidad y constancia de la composici~n qufmica, reducir el ciclo d ,
horno aumentando la velocidad de fusi~n, que puede estimarse en el orden de 2 £n/h.

Completada la fusi~n se efectila en el mismo horno el 't tratamiento al flux"
tendiente a eliniinar las impurezas nocivas tales como el Titanio y el Vanadio, que
inciden en forma importante sobre el aumento de la resistividad.

En cuanto al contenido de las demats impurezas, los valores mdximos estAn
asegui-ados por la calidad del alumi-nio de base y las precauciones que se toman tenl
dientes a evitar la contaminaci~n del metal en curso de transformaci~n. Las tern-
peraturas de fusi~n oscilan, segdn los casos- entre 720 y 780 0 C.
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COLADA - LAMINADO

Ambas etapas se desarrollan simul~tneamente mediante una sincronizaci6n
adecuada de las instalaciones utilizadas. Ellas son:

Horno Gautschi Eldctrico

De capacidad similar al horno de fusi~n de gas (7 Tn), dste es en camblo
calentado por una scrie de resistencias eldctricas colocadas convenienite
mente en la bdvecia del mismo.

El consumo es del orden de los 80 Kwkh y el calentamiento regulable siste-
m~ticamente por pir~metros, ubicados en la b6veda y en el baflo de metal If
quido. Al igual q ,el horno de fusi~n es basculante a ambos lados por me
dio de un pistfn bidi ~ulico uhicado bajo el piso del misrno. Su peso es del
orden de las 35 Tn.

El metal-Ilega a travds de, una canaleta de trai'svase portatil, a la que Cs
volcado haciendo bascular el horno de fusi~n.

El tiempo de transvase de 7 Tn es del orden de los 18 minutos.

En funci~n del tipo de cable a fabricar (alu-acero o almelec) se mantiene el
metal en el horno de colada hasta obtener la temperatura adecuada para ca-
cia tipo de material.

Resultz dtil destacar que las caracterfsticas mecftnicas y eldctricas exigi-
das para el alambre a didmetro final estdtn, en el caso del cable alu-acero,
fritimamente ligadas a las cordiciones de colada y laminado de la barra, da
do que la posterior transformaci~n en frro (trefilado) se efecttla sin ningdn
tratamiento tdrmico adicional.

En el caso del almelec, las razones que rigen los par~metros de la colada
obece.den fundamentalmente a la necesidad de obtener una barra sana en
virtud de que, comparativamente con el aluminio, las aleaciones al Si Mg 2
presentan una mayvor tendencia a fisurarse en caliente.

MtquinadeColada Tipo Properzi

Si bien difiere ligeramente en sus dimensiones y aspecto exterior a la ori-
ginal Properzi, conserva eh cambio sus caracterfsticas Iprincipales.

Estz. constitufda por una rueda de colada, un recipiente o tanque intermedjo
entre ei hcxn. y la rtueda, y un sistemi de refrigeracidn interior y exterior
de la Ynisma.
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*Tanque intermedio

Se halla so] idario con la rueda de colada, 3y ofre-ce la posilbilida(1 do ser
dosplazado convenientemente hacia adeleante o atrds para permitir la posi-
ei611 adecuada de la boquilla de colada en la garganta dle la rueda. En nues
tro caso la capaci(Iad del tanque es del orcien doV~ 15 Its (40 Kg).

Su misi6n es la do mantener tin nivel suificiente de metal quo asegure una
v'ena lrquida regular y constiante durante toda la. cola-da.

El metal liog-a al tanque, construitlo en fundicift dIl hierro, por medio de
una canaleta ubicada debajo del pico de descarga. del horno. Un mechero a
gas perrnite aplicar un calentamiento cont~huo o intermitente a fin de man-
tener la temnperatura del metal dentro de los li'nites pre-establecidos para
cada caso.

En la pared situada al costado de la ruecla se halla el orificio de salida don
de se coloca la boquilla de colada, constiturda en nuestro caso por un tuhbo
acodado de dos piezas de fundicifn de hierro, cuya fusi~n consiste en con
ducir la vena. ltquida hacia la garganta de la rueda.

A fin de mantener una colada "tranquila", sin turbulencias ni intorrupejo-
ries de la vena ltquida, es necesario mantener el extremo inferior de la bo
quilla levemente sumergido Qw 5mm) bajo el nivel del metal dentro de la
garganta de la rueda, Ello se consigue accionando convenientemrente el ta
p~n cdnico situado en el extremo anterior de la boquilla (dentro del tanquc)
por medio de tin sencillo mecanismo de avance-retroceso; manojado por
el mismo operario cola-dor que regula tle este mcxio el caudal de metal
enviar a la rueda en moviniento.

Teniendo en cuenta que el aluminio lrquido (listielve el hierro de his elemen
tos en su contacto, es necesario aplicar una pintura de protecci~n a la cana
leta, al tanque y a la, boXjuiila de colada,

En el caso particular de esta dItima, la operacifn reviste cierto cuidado
dado que la regularidad (de la vena lrquida estA condicionada a una superficie
interior de la boquilla perfectamente Ilisa. 0ibre Je granos o porosidtides que
puedan prcducir turbulencias o el ataque rtpido de la nuisma, ',.-)s cor si-
gu iente s inc onven ien te s.

Al igual que en la colada continuia o semicontinua de placas y barrotes es
necesario mantener el metal en movimiento por debajo do su piel de alumina
que lo cubre (colada en manantia~) para evitar el, entraflamiento de la misma
pelfcula al rom-perse y do burbujas dle aire que desnlejoran la calidad (101
producto colado y originan incorweriientes, (urante la transf ormac i~n poste
rior.



XXXI - 6--

*Rueda de colada

Estd constiturda por un anillo de cobre montado sobre dos discos de fundi-
ci6n de hierro refrigerados por dentro y accionados por un motor que le
confiere un movimiento de rotaci6n sobre su eje central.

En el anillo de cobre se ha tallado una garganta de secci6n trapezoidal de
rV 1000 mni2. La mitad de la garganta permanece cerrada por medio de
una cinta de acero de bajo carbono, tendida en el borde opuesto por ufla p2
lea loca del mismo digmetro de !a rueda.

La tensi~n de cierre de la cinta de acero se logra mediante wi tornillo sin
fin.

La lingotera estA constitufda entonces por el sector de la garganta cerrado
por la cinta y dada su extensi~n relativamente imp ortante y la refrigera-
ci6n exterior aplicada, sobre la cinta a partir del contacto con el metal If
quido, es posible regular con cierta amplitud la velocidad de solidificaci~n
a fin de obtener una barra mhtegra y suficientemente pl~stica para favore-
cer la transforxnaci6n inmediata. en el larniador.

La velocidad de giro de ]a rueda es regulable oscilando airededor de 3 rpm,
lo que equivale a aproximadamente 10 mts de barra en cse lapso.

Si se tiene en cuenta que 1 mt de la 1qarra pesa airededor de 2, 5 kg -verc-
nmos que !a produccifn horaria de la rueda oscila en los 1500 kg/h, lo que
significa un ritmo de produccifn elevado ademas de otras ventajas, en corn
paracifn con los valores alcanzables por los m~todos tradicionales, a los
cuales es necesario agregar el precalentamiento del barrote o lingote a
transformar; los recocidos intermedios, la lirnitaci~n en el largo del
alainbr6n a obtener y la utilizaci~n de m~tquinas y elementos de mayor volu
men y peso.

A tfbalo ilustrativo digamos que para el caso de una colada de 7 Tn (que attn
puede ser alimentada peri6dicamente en curso) se puede obtener un alam-
br6n laminado a 9,95 mm de dilmetro V cuyo peso es de rVJ200 gr/mt, con
un largo de 35 Kin, sin cortes, en menos de cinco horas.

LAMI1NADOR SPJDEM

Presenta diferencias importantes con relaci~n al original Properzi. En
tanto quo este tiltimo consta de 13 cajas de cilindros cruzadas y las secciones pa-
san consecutivamente de la forma triangular a la hexagonal, para terminar en sec
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cifn cii ciflar del alambr6n, el Laminador SPIDEM presenta 8 cajas dc cilindros
tambi~n ct-uzadas y la secci6n de Ia barra pasa alternativamente do Ia forma oval
a Ia circular terminando en dsta con el mismo digmetro final de 9, 5 mm.

Las reducciones dc secci6n entre cajas oscilan cntre 20 y 30%, exceptuando Ia pri
inora (:aja en la que sc aplica una reduccifn del orden del 60% aprovechando Ia
temiporatura do entrada de Ia barra que es de airededor de 4500C.

La secci~n de La barra a la entrada es de rU 1000 mm2 y luogo de los 8 la-
minados sucosivos se obtiene el alambr6n cuya secci6n es de (V 70 mm2. Las ye
locidados de entrada y salida son respectivaniente 10 y 12 0 mt/min aproxi mada-
monte, lo que equivale como homos visto aPJ 1500 kg/h.

La. relaci6n de velocidad de una caja a otra es fija, y se modifica gradual
mente Ia velocidad del conjunto accionando sobre el control de un tablero ubicado
cerca del operario colador.

De tal modo resulta posible sincronizar la velocidad del laminador con la
rueda de colada.

Como elementos complementarios del laminador merecen citarse:

*Horquilla contrapeso

Consiste en tin juego de 2 rodillos contrapesados- que se doslizan en for ma
vertical en una columna ubicada a distancia intermodia. entre Ia rueda y ei
Lam inad or.

Su misi6n es La de pormitir La formaci6n do tin bucie en La barra, lo que fa
cilita la sincronizaci~n gradual de Las velocidados del conjunto rueda-lami
nad or.

Como so verd luego, Las variaciones do velocidad obedecen primeramente
a Ia puesta en marcha y luego, al hecho do obtener obligatoriamente tin de
terminado valor die resistencia a La traccifn sobre el alambr6n a 9, 5 mm
(en el caso del aluminio-acero) quo permita luego del trefilado a diferentes
didmotros finales del alambre de aluminio, mantenor las caracterfstica~.,
mecdriicas dentro do los valores exigidos por las normas.

Tales variaciones resýultan adem~s funcifn de Las temperaturas del mtal,
en la rueda y durante su paso a trav~s de las 8 cajas de cilindros del lami
nador.

A continuacion do la horquilla contrapeso se ha ubicado Una guillotina neti-
m~tica quo perinite efectuar on forma r~pida el corte o despunte de La barra
antes de proceder a la introduccifn en los rodillos gura situados a La entr-a-
da de La Ia. caja del laminador.
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* rompa do salida y envolvedor

Inmediatamente a la salida de la ditima caja y sobreali~pred posteriox Iel
laminador se ha colocado en nuestro caso un caflo de lat6n en forma de
(0 50 mm - largo 9 rnts), tambien contrapesado cuya misi6n es la de dirigir
el alambr~n que sale a 120 mts/rnin, con una temperatura comprendida en-
tre 200 y 2800C, segrln los casos, hacia el envolvedor.

Este estd constitufdo por un tonel forifado por varios listones de madera
dura dispuestos en forma ,circular y unidos entre sf por mcdio de 2 anillos
exteriores de hierro, y Se halla colocado sobre un chassis cuadrado monta
do sobre 4 ruedas locas.

El conjunto envolvedor-chas~iis se coloca inmediatamente debajo de la trom
pa de salida del laminador. Al iniciar la colada, el primer extremo del
alambrdn se dirige r~pidamente hacia el borde interior del envolvedor pro-
ducidndose autom~ticamente el enrollado del alambr6n sobre si mismo.

El contrapeso s~ifado en la zona media de la .trompa facilita ei fMcii mane--
jo de un extremo posterior, el que es acompafiado por el operario a fin de
obtener uma bobina compacta cuyo peso total oscila en los 600 kg fvw 121. 00Onmts).

Mediante un segundo envolvedor colocado igualmente sobre un chassis con
cuatro ruedas locas, se despiaza, en el momento oportuno, el envolvedor
ll~eno reempiazdndolo por cl vacro acornpaiiado con un golpe de mano enguan
tada, el alambr6n hacia. este dlitimo. Luego se corta con una tijera al efoc-
to ei tramo de alambr6n que une ambos envolvedores, se retira del chassis
el esqNueleto del envolvedor Ileno por medio de un pequefto guinche y so --x-
trae: la bobina con la ayuda de un tow-motor que la conduce hasta la. balanza
y posterior al stock.

*Circuito de lubricaci6n - refrigeraci6n

El laminador S'PWEM dadas sus caracterfsticas particulares esta equipado
con un circuito de lubricaci6n-refrigeraci6n atento a la misi6n quo debe
cumplir ei aceite de laminado que se Vtiliza.

Adema~s se cuent~a con un circuito de lubricaci~n de cojinetes y mecanisrmos
que si bien cumpie una misi6n importante no incide sobre las caracterfsti-
cas del metal a obtener.

Por el contrario, ei aceite dc laminado reviste una funci6n fundamental al
actuar en 2 sentidos:

1. Como lubricante propiamente dicho, evitando ei "fpeg-ado"f del metal
al cilindro durante el lanulnado de la barra. Es sabido quo una lubri
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cac~i6n clef iciente trae como consecuenicia un fen~meno de aciheren-
cia o pegado de metal a los cilindros de laminado, metal que vuelve
a depositarse luego sobre el mismo alambr~n producidndose sobr'e
la superficie de 6ste el defecto denominado "escamas" o "pajuelas"
sumamente perjudicial en las etapas posteriores y al estado final
dado que resuita prdcticamente imposible eliminarlo afectando no
s6lo e I estado de superficie del alambre terminado sino tambidn su
conductividad eldctrica.
En nuestro caso se utiliza un aceite soluble do importaci6n en una.
concentracift quo se vorifica antes y durante cada colada y quo do-
be mantenerse lo mtts pr~xima posible al 20 0/00.

2. Como refrigerante, al ser proycctado a una cierta presifn, caudal
y temperatura sobre los cilinciros durante el lam inado.
La regulaci~n adecuada de las 3 variables, que estd a su vez ligada
a la temperatura do la barra y a la volocidad del laminador permite
aplicar una velocidad de enfriamiento, quo resulta funci~n de las 5
variables niencionadas, y cuya consecuencia se traduce en un deter
minado valor de Rt a obtener sobre el alambr6n laMinado. Este va
lor de Rt para una composicifn qufmica determinada, es entonces
funcifn del grado de deformacic~n en frfo aplicada.
A los efectos de regular mds f~cilmente la velocidad de enfriamie-n
to, cada caja de cilindros ofrece la posibiliclad de modificar mine-
diatamente el caudal de lubricante por medio de un robinete.
La capacidad de la. cuba de aceite soluble, siendo del orden de los
1500 Ats asegura un caudal constante de aceite, el que a su vez do-
be ser man~enido a una temperatura lo md.s constante posible (t5O)C)
,segdn se trate de A5C (500C) o Almelec (600C).
El aceite es reciclado por medio de bombas quo lo dirigen desdo la
cuba hacia los picos situados frente a c/caja de cilindros. Do allf,
pasa a uji colector ubicado en el piso del laminador que lo conduce
nuevamente a la cuba pasando prcviamcnte por un filtro de papel. es
pecial que retiene las v'irutas do alumnInio y las impurezas quo reco
ge durante el laminado.
A fin de regular la temporatura se dispone de un tanque intermedio
con termostato quo permite calentar o onfriar el aceite, segdn las
necesidades, por medio de una serie do resistencias eldctricas y
una serpentina condo circula agua frfa respectivamente.
La presi6n del aceite en trabaj o es deflN 0, 5 a 0, 8 kg/cm2.
El consuino por tonelada laminada es del orden de 2,5 its/Tn inclu-
yendo las pdrdidas por evaporaci6n.

El oquipo obrero afectado al funcionamiento del conjunto Horno de colada-
ruoda*-laminador, esta con stiturdo por 3 obreros bajo la responsabilidad del
operario colador quien, en acuerclo con ci. capataz de la socci6n, modifica
las velocidades del conjunto segrin Las necesidados. Los 2 obreros restan-
tes uxia vez puosta en marcha la colada atienden la operacidn de enrollado
y evacuaci6n do las bobinas.
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El control de las caracterrsticas mecttnicas de c/rollo en el caso del A5C
es efectuado por un agento del Servicio do Control asistido por el mismo
capataz do Ia secci6n.

TREFILADO

La fabricaci6n do cables alu-acero y do almelec presentan en comtln Ia uti
lizaci.6n de una moderna m~quina trofiladora do 9 trefilas fabricada por OTT (W~ice
Technique des Trdfilds).

lEn el caso particular del almoloc se utiliza una trefiladora Robertson adi-
cional para efectuar el primer dosgrosado exigido por razones metakirgicas que
imponen um temple y madurado a un digmetro intermedio, quo corrospondo dentro

-&de ciertos lfmitos a dos vocos y media el didmetro final del alambre a cablear.

Para el alambre de aluminio se procode en una sola etapa sobre Ia trefila-
dora OTT. La bohina provenionte del larninador SPIDEM, previamente enfriada al
aire, es colocada on el costado do entrada do Ia OTT y enhobrada a travds do las
trefilas do la misma.

La olecci6n do estas dltimas estA1 on funci6n del dittmetro final a obtener
dado quo el diftmetro inijojal (9, !-mm rara Alu. y 6, 25mm para Almelec) se man-
tiene sensiblemente constanto.

Al igual quoeon las cajais do cilindros del laminador Spidem, la trofiladora
OTT permite Ia reg-ulaci6n de la velocidad do trefilado on forma individual para ea
da trafila por medjo de un tambor onvolvedor do arrastro, refrigorado interlor-
monte por circulaci6n rdo agua facilitando do tal modo.-

a) ol sincronizado do la inarcha en conjunto
b) el einfriamiento del metal en curso do transformaci6n
c. el trefilado sin deslizarniento relativo entre o! alambre y el

tambor do arrastro

Teniendo on cuenta quo el digrnotro final del alambre puedo oscilar entr',
Ambitos relativamente importan.tes (4, 86mm a 1, 9Oc-mm en nuestro caso), Ia eloc-
ci6n de las trafilas so hace buscando aplicar una rcduccifn por secci6n, quo gone-

ralmente resulta del orden del :30% promodio, para cada pasada.

Antes do completar el trofilado do Ia Ia. hobina so procodo a soldar a tope,
inediante una sencilla operacifn con pasaje do corriente eidctrica, el extroemo final
do esa bobina con ci inicial do Ia siguiente. Ello asegura una continuidad do fahri-
caci6n quo permite alcanzar una pr oduccifn horaria do 100 a 900 kg/h en funci6n
del di~metro do salida.
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A la salida de la trefiladora el alarnbre e-s enrollado en bobinas de 40 a 50
kg de capacidaci que son utilizadas posteriormente en Ia operacifn de cableado.

El mai~ejo, carga y descarga de La. trefiladora OTT queda a cargo de un so
lo operario, quien a su vez es responsable de Ia identificaci~n del material y de
efectuar las ariotaciones cor respondientes.

A Itrulo complernentario podemos agreg-ar que La Trefiladora OTT ha sido
puesta en serviejo a mediados de 1963 habiendo prodIcidIo hasta el 31/8/64 aproxi
madamente 1000 Tn de alambres de distintos tipos, para usos diversos.

Como instalaciones complementarias de Ia operaci6n de trefilado pueclen
mencionarse ademas de Ia trefiladora Robertson, Los siguientes hornos de trata
miento tdrmico, utilizados dnicamente en La fabricacifn de Cables Almelec.

*Horno CL

Fabricado por Ia firma Gautsdýl, de Suiza, especifficamente para el templa
do y envejecido de productos extrudazlos (perfiles, barras, etc. ) ha sido
puesto a punto con 6xito para cl templado y madurado de rollos de alambre
de almelec de ditmetro 6,25 mm - dee-..- 250 kg c/u.

Templado
Esta operaci~n, para ser efectiva requicre un tiempo de maniobra
corto para asegurar el solubilizado del siliciuro de niagnesic pre-
viamente puesto en solucifn mediante un mantenimiento rnmhimo de 20
minatos a 5600C, seguido de un enfriamiento brusco en agua a tern
peratura ambiente.
La calefaccifn del horno estA asegurada por dos quemadores a gas dc
40 m3/h de c::,udal c/u, colocados sim~tricamente en Los extremos
opuestos del horno cuyas dimensiones dtiles aproxiniadas son: lar
go 7 nits, ancho 1 mt y alto 1, 3 rnts.
La carga total de los rolls, del orden de 2, 5 Tn - 10 rollos - se
coloca, previametite en un bote (construfdo en caftos de hierro) que
es introducido y sacado del horno con ayuda del puente grila de la see
ci6n.
Para Ia operacifn de temple se dispone de una cuba con agua fr-,"
en circulaci6n cuyo voluinen d~til alcanza aproxirnadamente a 150L0
litro s.
Al igual que Los restantes hornos a gas, el CL, estaf equipado con un
seguro sistema de alarma que corta automaticamente La Liegada de
gas a Los quernadores en el caso de producirse una anomi.lfa en el
funcionamiento del misi-o.
El manejo es sumamente sencillo y el control y regulaci6n de tern-
peratura se efecttdan por medio de 2 pir~metros ubicados convenien
te men te.
Un registrador MECi permute obtener en cada instante un grA~fico,
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de la teinperatura del interior del horno, (que es sensiblemente re-
gular y constante en todos los puntos del mismo.
Ello resulta particularmente importante para no 'tquemar" metal
por un sobrecalentamiento, asegurando por otra parte la puesta en
soluci6n cuantitativa del Si Mg 2 fntimaniente ligada a IV, tempera-
tura crftica del temple.

Madurado
En el mismo horno CL se efectda el tratamiento cornplementario
de madurado artificial (10 lis a 1000C).
El objeto de este tratamiento particular, al acelerar el madurado
natural que se efectda a temperatura ambiente durante algunos dfas,
es el de obtener adem~.s usia repartici6n m~s hornogdenea de los
constitliyentes precipitados, lo que garantiza una mayor regularidad
en las caracterfsticas mecgnicas a obtener al estado final.
La misma. carga de la operacifri anterior (templado) vuelve a ser
introducida en el horno durante 10 hs a 10000C + 500 para producir.
la precipitaci6n del Si Mg 2 previamente solubilizado.
La fdcil regulaci6n del horno, su buena inercia tdrmica y la gran
estabilidad y regularidad de temperatura en toda la superficie del
horno permiten efectuar los tratamientos de templado y madurado
artificial sin inconvenientes.
La producci6n horaria para ambos tratamientos es del orden de
250 kg/h.

*Horno SL

Al igual quo el CL se 10 utiliza dnicamente en el proceso de fabricaci6ii del
cable alnielec.

Las caracterfsticas de este tipo do horno, tales como

- Calefacci~n por tubos radiantes sobre las paredos laterales
- Facil regulaci~n do marcha
- Estabilidad y repartici6n homog~nea de la temperatura interior

lo hacen perfectamente adaptable para el tratamiento de revenido final del
alambro.

La finalidad de oste tratamiento de 12 a 15 hs a 16000 + 5OC es la de comn-
pletar la eliminaci6n del Si Mg de la soluci6n s6lida, disminuycndo do talp modo la resistividad por dobajo do 3, 25ý,V A c m2. c m, y actual adem~.s
sobre las caracterfsticas mecdnicas, en particular el A%)*' 3 manteniendo
usia Rt> 30 kg/mm2, valores todos ellos exigidos por las Normas Interna
cionalos de Cables Conductores.

La producci6n horaria oscila en los 150-200 kg/h para cargas detv 2 Tn.
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CABLEADO

CAM.EA S.A. cuenta en su planta, de fabricacifn de cables con dos m~quina-
cahicadoras que ofrecen la. posibilidad de fabricar cables con o sin almia de acorn,
Jprotegida o n6 osta ffltima y cop una cantidad de alambres o hilos que abarca la ga,
ma comprondida entre :3 y 127 hilos.

En los cuadros quo figuran en anexo se consignan las caracterfsticas dc
los cables fabricados hasta, el momento s.ohre pedido de clientos.

En las fichas t~cnicas corrospondientes se acompaftan las caractorfsticas
do cada cableadora con indicaci6n de la capacidad de produccifn prornedio en fun-
ci6n del diftmetro do los alambres a cablear.

Ambas cableadoras CB 1 y7 CB3 2 son atondidas par un opcrario rosponsablo
y un ayudante.

La velocidad de cabloado puode oscilar entre 10 y 50 mts/min.

Teniendo en cuenta quo nuestras ca)-leadoras no difieren de lo tradicional
cn este tipo dle mAquinas, no nos ex-tendoromos sobre el toina.

Digamos solamonte quo la produccifn de cables Alu-Acero y Aloniolec al
31/8/64 en funci6n do L'a demanda, ha sido la siguiente:

Km Tn

Aluminio-Acero 1.81417 354,5

Almelec 1.23.1,7 301,0

Total 3.046,4 655, 5

La capacidad de producci~n actual de la Secci6n Cableado puede sobrepa-
sar las 150 Tn/miensuales segdn el tipo de cable a fabricar.

CONSIDERAC10I'IES META LURGICAS

Attn teniorido en cuenta quo ei objeto do e~te trabajo es p)uramente tee-nol6-
gico estimamos necesario efectuar algunas consideraciones do orden metaldrgico
dado quo so imponen al proceso do fabricaci6n ciortas limitaciones a rospotar y cu
ya justificacifn, comno es l6gico resulta ovidento.
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Segdln normas internacionales se exige a la vcz, para un mismo( diftnietro
de alanibre, tin valor mrnflimo de carga de rotura, Una resistividad mrlxima y irna
capacidad de deforrnacifn caracterizada, ya sea por el porcentaje de, alargamiento
o por el ndmnero de plogados sobre si rnisno.

Se ha constatado quo tales caracterfsticas estiln fhtinianente liradas a la
composici~n qufrica, a 'as condiciones de colada y laminado y al grado de def or-
maci~n en frro aplicado. Por ej.: para una misma composicifn quifmica, lo que
incide favorablemente sobre la. conductividad, actda en form., contraria, sobre ]as
caracterfsticas me ctnica s y vi ce-versa.

El estudio de Las sigui~entes variables, efoctuado por varios investigadorcl-,
ha permitido observar su influcncia y resolver la cuestiOn.

1. Composicion Q~rmlical

a) ~Casode Auminio Conductor AX

Inciden en forma importante el ienor do impurezas presontcs, des~t
c~ndose algunss de ellas corno muy nocivas ami en valor-es bajos, tales co-
mo el Ti ( 4 0, 004%) y el Vanadjo ( 4 0, 001 %).

El gr~ficG en anexo muestra la influencia de cada irnpureza sohre la
resistividad oel alambre a un mismo didnietro final - e6 clecir iddnticas con
dicioneF do transformaci~n.

Se (lestaca nctamente que impurezas tales come, el V Ti y Mln sonl al-
ta~mentc per iudiciales en tenores adn inferiores a 0, 01.

Las 2 primeras (V y Ti) son climinadas mediante un tratamiento con
un flux especial quo favorece la formacifn de compuestos que se eliminan
parcialmente quedando el resto bajo forma de constituyentcs fuera de la so-
luci~n s6hlad que l)or Io tanto no porturban la transmisi6n de corriente eltdc-
trica. El tenor residual despuds del tratarniento es del orden de V & 0, 001%
y Ti ý 0, 004. Es de destacar quc el V se encuentra a menudo en tenores
pricleicamente despreciablcs, atin antes del trataniento al flux y el Mn no
excede habitualmente Los llmites perjudicialeg.

Los gr~ficos de dispersi~n quo figuran en anexo muestran los valo--
res do los prodizctos CAMEA S. A. - que so hallan encuadrados deniro depo las siguientes toicrancias fijadas para esta fiibricacifn

CU Mg Mýn Fe Si Ti Zn

~00008 lc 0,31008 £ 0,006 0,20+0,02 0, 07ý+0,01 4ý1 0, 004
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Digamos al pasar que el control de composici6n qurmica so efecttda
obligaltoriamentc (al igual de Rt v' A%) a didmetro 9,5 durante la colada y
larninado de cada iollo.

CAMiEA S. A. posee un espectrolector CAMECA de lectura directa,
que rierinite conocer la composicift qurmica (7 elementos) de un material
en menos de 5 rninutos transcurridos entre '1a extracci~n do la probeta -en
el tanque intermedio do !a rueda dc colada y la cxpresi6n de los resultados
obtenidos sobrc el espectrolector.

Con los v~lores indicados y una RtA 17 kg/mm2, se estd en condi
ciones de garantizar unaf 4 2, 82641 Mf nci2 . cm, (CEI).

b) Caso del Almelec

A] igual que para el A5C, los valores del gr~Ifico de dispersi~n se
hallan comprendidos dentro de los siguientes lfmites, fijados como mdxi-
mos para garantizar una Rt J* 33 kg/mm y una9 3, 28/AU-41L cm2 x cm.
exigidas por las Normas Internacionales.

CU Mg M~n Fe Si Ti Zn

S0,008 0,7±+0,:.,4 0,006 0,2 - 0,3 0, 5 - 0,7 4 0, 004 -

2. Condiciones de Colada y Laminado

a) Caso del Aluminio Conductor A5C

Investigaciones anteriores haxi puesto en evidencia que las condicio
nes de colada, en particular la velocidad de enfriamiento, ejercian una in-
fluencia importante sobre la. conductividad cuando se mantienen constantes
las restantes variables.

Comparativamente con alambres obtenidos por. el sistema. ci~sico do
prensado (o laminado) y trefilado, el aiambre f abricado por el sistema
PROPERZI presenta un valor de resistividad mayor. Ademas se const,,t6
que la reparticifn de constituyentes era mucho m~s fina en el proceso, clft
sico quo en el PROPER ZI.

Varias explicaciones han sido dadas por diferentes autores. A con
tinuaci~n se resume la enunciada por el Ing. CHEVIGNY - Jefe del Servicio
de Investigaciones de PECHINEY en Chambery:

"Tanto en los barrotes cuadrados (seccifn 10. 000 mm2) como en la

barra SPIDEM (zseccifn 1. 000 mm2) la velocidad de solidificaci~n.
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serfa tal quo determinarra segregaciones menores de las impurezas
principales Fe y Si. Estas ccinstituirfan en la. proximidad de los If-
mites de las dendritas, zonas de baja conductividad, aislando en ma
yor o monor grado las dendritas entrc sr.
En el caso de los barrotes cuadradrs, varios factores favorecerfan
su dgstrucci6n,, al menos parcial, tales como el precalentamiento a
450-5000C previo al laminado que favcorecerfa la difusi6n do las irn-
pure zas y producir!J'a un cierto efecto de homogeneizado, y ademats
el % do deformacifn elevado - carrespondiente a la transformaci6n
de una secci6n do 10. 000 mm2 dispersarfi. suficientemente las se-
gregaciones para que dstas no tuvieran etecto importante sobro la
conductividad.
Por ol contrario, en la barra Properzi, el ofocto de homogeneiza-
ci6n no tendrra tiempo de manifestarse dada la sucesi6n r~pida de
las oporaciones. AdemAs el grado de deformaci6n, mucho menor
quo para los barrotes cuadrados no conducirf. a vna dispersi6n muy
profunda. Con respecto a este ditimo, un aumento en la seeci6n do
la barra Properzi, cuya consecuencia. es un aumento del % do reduc
ci6n posterior, mojora sensiL'lemente la conductividad del alambro.
Por otra parte, un homogene-iz-do do los barrcotes a 5000C inejora
sensibiomento la conductiv-idad, pero per razones ohvias no so tra-
ta do efectuar un homogeneizado do 14. barra Properzi"l.

El problema fue rosuelto prestando atenci~n a las condiciones do co
lada y Jbaminado y rospetando las limiitaciones en cuanto a composicifn quf-
mica so refiore.

Se dostaca, quo un recocic ) interrnedio del alambr~n mejora, para
una misma composicifn qufmica, la conductividad del alambre a diametro
final.

Resulta necesario destacar adomls quo regulando convenientomente
las condiciones do colada y laminado, so ha. logrado evitair el recocido inter
medio del alambr~n pudiondo obtenerse no ot-stante las caracterfsticas me-
ednicas y eldctricas exigidas, como lo muestran los valoros quo figuran on
el anoxo,

Toniondo on cuenta quo el digmetro do salida del alambr6n so maa-
tieno con stante a 9, 5 mm y quo el diamctro final puede variar dentro do dm
bitos importantes so debe prover una marcha del conjunto rueda-laminador
tal quo, a cada di~metro final corrosponda una iRt a 0 9, 5 quo permita la.
transforniaci6n en frro nocesaria para alcanzar la Rt xinal sin cxccderse
dado que a uma mayor Rt corresponde consocuentemonto una mayor resisti

Medianto el c~lculo te6rico y la confirmaci6n pr~ctica so ban logra-
do ostablecer los lfmites do Rt a 0 9, 5 mm en cada caso particular, los quo
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son controlados obligatoriamente al comienzo de cada rollo en curso de fa
bricaci6n por medio de una m~quina de tracci6n Amsler de 2 Tn -en nuestro
caso- colocada a la salida de la trompa del laminador.

b) Caso del Almelec

Dado que esta fabricaci6n contempla un tratamiento de temple y ma
durado a aproxinmadamente dos veces y media el dilmetro final, la. marcha
del conjunto rueda-laminador se rige por la. necesidad de obtener una barra
sana pues como ya hemos dicho anteriormente, las alcaciones al. silicio de
magnesio presentan, comparativamente con el aluminio, una mayor tenden
cia a fisurarse en caliente.

Analizadas las dos variables fundamentales s6lo resta indicar que
la tiltima de ellas, la resistividad es funci6n. de aquellas.

En el caso particular del almelec no debe olvidarse que las caracte
rrsticas mecdnicas y eldctricas se obtienen por medio de un tratamiento
tdrmico de revenido. Ello significa un. control delicado de la evoluchin de
tales caracterfsticas en curso de tratamiento para asegurar una calidad
dentro de normas.

Un sencillo procedimiento mediante el empleo de "probetas piloto"
nos ha permitido solucionar el problema satisfactoriamonte.

CONCLUSION

Con el presente trabajo no pretendemos haber efectuado tin nuevo aporte al
campo de la. Metalurgia de transformaci~n. del aluminio y de la aleaci6n. aluminio-
siliciuro de magnesio destinados a la fabricaci~n de cables conductores.

Nos hemos limitado solamente a exponer los mdtodos de fabricanci6n. em--
pleados por una empresa local, con garantfa de la calidad obtenida, comparabli.
con la del material de importaci6n.

El proceso enunciado no pretende ser exciusivo ni mucho menos, s6lo as-
pira a poner en evidencia el niivel alcanzado en este Campo do la Metalurgia de
Transformaci6n en nuestro pafs. Ello ha sido posible mnerced a la gran facilidad
del operario argentino para adaptarse a nuevas tarcas y el sentido de responsabi
lidad que puede evidenciar cuando le es requerida sti colaboraci6n.

El actual deficit energdtico del pids permite suponer un desarrollo de mor



cado relativamente irnportante a corto plazo si so tiene en cuontl quo es t-I L~td
el cliente d,, mayor importancia a travds do sus organismos Csp)c~ializa(Ios.

Es do destacar que so ha observado una marcada tondencia hacia LL utiliZa
ci6n del ainelec, hecho quo por otra parte se produce tambi~n en otros pafses del
viejo y nuevo mundo, lo quo ha permitido intensificar los osfuerzos en eso sentido,

Actualmento puede considerarso quo CAMEA S. A. absorbe la mayor parte
del consumo local y ademas fabrica cables para la exportaci6n a Parses latinoame
ri-canos tales como Brasil y Chile, quo se hallan tambidn abocados a la solucifn
de su deficit energ~tico.

Desdo el punto de vista n~otaltdrgico digamos quo la colada continua y laminado
simult~dneo de la barra por el. sistema Properzi es una soluci~n elegante al proble
ma do la fabricaci(*n do alambres do aluminjo o almolec dostinados no solamente a
la fabricaci6n do cables sino tambi~n a otros usos diversos.

Con relaci6n al proceso cl~.sico do fabricaci6n do alambres por prensado
(o laminado) del barroto y posterior trefilado, presenta una serie de ventajas enl-
tre las quo merecen destacarse, adem~s do la calidad y regularidad del producto
terminadoV un importanto aurnento do la productividad dado quo disminuyo consi-
derablemonte los costos por reduccifn del personal afectado y permite la u1tiliza-
ci6n do bobinas m~ts oesadas, lo quo simplifica los inconvoniontos do manutenci6n.
do almacenamionto v do transporto. La supresi6n casi total do las soldaduras os
particularniente apreciacla en el caso del almeloc. No obstante, so trata do una fa
bricaci6n quo si bien requlore una mane do obra roducida obliga a una vigilancia Y
control t~cnico bastante severe para mantonor el alto nivel do calidad exigido por
la clientela. Las 700 Tn fabricadas dan una prue-ba do ollo.

Por uiltimo, no quoremos finalizar nuestra ex-posici6n sin hacer ptdblico
nuestro agradecimionto al Diroctorio do CAMEA S. A. por haber permitido SU di-
vulgaci6n y a todo el personal quo ha- colaborado en la recopilaci6n y preparaci6n
do osto trabajo.
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jESTUDIO DE LA COIAMLNACION DE EA S

por J. Almagro, G. Cusminsky y C. MartfibezVi-dal

1. INTRODUCCION

Desde el punto do vista mctaldrgico cxisten dos m~todos bdsicos para unir
metalles. El prirnero consiste en obtener por fusi~n esa uni~n ya sea del misnmo
metal base (soidaditra por fusi~n), o de otro metal, o aleaci~n de menor punto de
fusi6n ("brazing"). Por el segundo mdtodo, se obtiene esa unifn en estado s~lido.

Esta unifn en estado s~lido toma diferentes nombres en la literatura, segdn
el proceso seguido: uni~n por difusi~n, unidn por presi~n hidrost~tica, uni~n por
identaci~n, unifn por colaminaci~n, etc. Podemos no obstante ordenarla y dividir
la en dos grandes grupos:

a) uni~n en frfo- cuando la temperatura de trabajo estst por debajo de
la Riamada tcmpf-ratura de recuperaci~n. En este caso actuarfa s6
lo la- presidn.

b) uni~n en caliente: cuando la temperatura de trabajo es mayor que la
de recristalizacifn. Aqur adenils de la presift, actdan la tempera-
tura y ci tiempo.

En la actualidad se obtienen industrialmente por estas t~cnicas, una varie-
dad do materiales compuestos, que permiten avnar y aprovecha,. al md.xiino dife-
rentes propiedades de distintos metales, con la consiguiente red itA;, J;, costos.

Si bien estos procesos entraron en su etapa industrial airededor de 1935 ý,r
en la actualidad estdn bien definidos ernpfricamente, los mecanismos que operan
en la uni~n no est~n suficientemente aciarados y varios investigadores postulan su
dependencia do diferentes y contradictorios factores.

La necesidad de construir en !a Comisi~n Nacional de Energfa At~mica los
clomentos curmbustibles tipo MTh para um reactor de 5 MWV, hizo quo so pensara.
en estob mt~todos de unifn, desarrollando las tdcnicas correspondientes. Para
etlo se cligid La colaminaci~n, proceso en el que la presidn estl dada por la re-
duce16n obteraida, al pasan el material entre 'Los cilindros do una laminadora.
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De esta manera se obtendril la estanqueldad y condiciones de transferencia
terniica rnecesarias. El metodo consiste de cerrar totalmente el ndcleo fisionable
do aleacidn alumnin-lo-uranio; lateralinente por tin marco de aluminjo, y las supecr
ficies con dos tapas de aluminjo, que se colaminaxn con el marco y el n~cleo M.)

2. COLAAINACION

2.1. Trabajos previos

En 1944 Kinzel (2) da un enfoque te6rico al problema, atribuyendo Las cau-
sas de la uni6n a la difusi6n. En 1956 Durst (3) atribuye las causas de unifn a la
aproximaci6n de Las superficies a distancias interat6micas obtenidndose fuerzas
de atraccidn superieres a Las de repulsi6n producidas por Las fuerzas de recupera
cifn eldsticas._

Parks (4), Hoffmann y Ruge (5), Williams y Bever (6), Erdman-JesnitzerC7 ),etc.,. efectdan trabajos sobre coLaminaci6n sin agregar nuevos conceptos a Los an
teriores.

En 1959 Milner comienza con sus colaboradores una, sistermdtica que dura
hasta 1962 y condensa la inf ormaci6n en un "Review Paper" (8), Postula, al igual
quo Durst, que la uni6n se debe a la aprox:v naci6n de Las dos superficies, hasta Ile
gar a distancias at~micas.

2.2. Pa rAm etr os analI i z ad os

Al iniciar el trabajo s~e tuvicron presentes dos objetivos:

1) La determinacifn de las condiciones 6ptimas para obtener ]a cola-
minaci6n en el problema concreto de clenientos combustibles.

HI) Procurar aclarar o entender los mecanismos quo operan en ese
proceso.

Nos limitaremos al punto IH, indicando el estado actual de Los trabajos (-(,

PIIA Al estudiar los parlmetros que se suponra tenflan influencia en la unift por,ol~baminacid~n, se les agrup6 en:

a) Condiciones de superficie en el material a unir, y
b) Condiciones do Ianminacifn (proceso empleado).
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En Las condiciones de superficie enumeraremos:

a, Contaminacifn superficial: i) oxidaci6n

ii) adsorcidn y absorci6n de otros gases

a2  Endurecimiento por deformaciones previas

a3  Rugosidad

a4  Energfa almacenada

Para Las condiclones de laminaci6n se consideraron:

bj Deformaci6n, dada por la reducci6n en una pasada

b2 Presifn especifica media de laminacl6n

b3 Velocidad de deformacifn

b4 Relaci6n de potencia

b5 Temperatura de trabajo

b6 Aurnento de temperatura por deformaci6n

2.3. Equipos y material usados

Se utilizaron dos laminadoras, una de alta precisi6n para reducciones me-
dias (Fig. 1), y otra de desbaste para grandes reducciones. Se me-dfa presiones
con celdas de carga hechas con "strain gages" y se registraban, como muestra"La
Fig. 1, ademds Los equipos accesorios ncccsarios- microscopios, mdquinas de
erisayos, etc. El material utiLizado fue alumainio de pureza comercial tipo 1100,
anal izado espectrogrdficamente en cada caso y con distintos grados de endureci-
miento.

2.4. Mdtodo de trabajo

Se efectuaba la preparacifn superficial de las probetas. Se colaminaba
con distintas reducciones y se cortaban probetas para ensayos mecdnicos y meta-
lografifi. La Fig. 2 indica ]as entalladuras efectuadas para el ensayo tracci~n-
corte y una probeta ya ensayada.

Cabe hacer niotar la dificultad en la preparacift do las probetas de tracci6n-
corte, que recidn dieron reisultados satisfactorims a Los seds meses de iniciado el
trabaj o.
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3. RESULTADOS OBTENIDOS Y DISCUSION

3. 1. Colaminaci6n en frfo

a) Condiciones de superficie

Es bastante difficil, en un material como el aluxninio, la separaci6fl
de los distintos pardmetros, pues ellos interactilan y forman parte de uxi to
do que hemos ilamado "preparaci~n superficial". Todas las probetas fue-
ron desengrasadas en vapores de tricloroetileno, decapadas en bafto alcali
no y posteriormente en Icido y secada con ldmparas infrarrojas.

ai) Oxidaci6n- Se tomaron probetas pulidas y cepilladas, oxichin
dolas a distintas temperaturas y tiempos colamin~ndolas pos
teriormente. Las probetas pulidas colaszxiinaron entre 26 y
30%, las cepilladas entre 40 y 45%.

aii) Se cepillaron y se dejaron tiempos variables en aire, con dis
tinta humodad ambiente. Se observd que para tenores cre--
cientes de humedad anibiente, disminufa c-l tiempo en que se
podrfa exponer la probeta luego de cepillada y antes de cola
minar.

aiii) Se- cepillaron y ,,e sellaron (evitando la posibilidaci de conta-
minaci6n en el aire) dejýLndose tiompos variaLles antes de co
laminar. Se obtuvo una, excelente uni6n incluso dos horas
despues del seiado.

-t) Eridurecirnionto por deformaciones previas: Se- observa un
aurnento en ]a def orinaci6p mfliima~de& colaminaci6n y un
arreciahte aumento en la resistencia, en oposici6n a otros
resultados. La Fig. 3 muestra estos resultados.

L:) Rtigosidad: Inuego de distintas tetitativas, se determin6 que
el au~rneiio de rtigosidad c-s perjudieial si las proL-etas ýonn
posterioryncii to ox.idadaus.
Con probetas '2epilliadas se observd r~netalogrdficamc-ntc- on
la ir traýo atwias cuya microdureza es aproxirnadamente
do~ e pie la oct "naterial adyacente. coirao se puc-de apreciar
oni la Y'ig. 4.

-) Lo comvplejo de stu estudic, hizo que en esta primera Iaso se
dL car tara.

t. goadiciopec. tc iaxninaci6n

1) ) Sc (ictermiflO para Line Iifi~ntas jprcparaciciiies supcrfk(:ialcs
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ya enunciadas, la deformaci6n mthima necesaria de colami-
naci6n. Se trazaron l curvas de resistencia de unidn en
fun -1i6n de la deformaci~n. Fig. 3.

b2) Para algunas condiciones se midid la fuerza soparadora y
se determinO la presi~n especifica media de laminaci~n.
Se trazaron curvas on f Lncifn de la deformaci~n. Fig. 5.

b3) Calculada la m;Ixima variaci~n de la velocidad de def orma-
ci~n so obtuvo entre :350%//seg a 450%//seg, lo quo hace que
se pueda suponer constante este pardmetro.

1)4) La relaci~n de potencia, altura inicial, del material dividida
por el dilmetro del rodillo, se mantuvo constante en 4.75%
en Las dos Laminadoras.

b5) La temperatura de trabajo era la ambiente.

b6) Segdn f~rmula empfrica do Siebel, se apreci6 que no era muy
grande el aumento de temperatura por trabajado.
Este pardmetro se tuvo en cuenta para asegurar que no en-
tr"4bamos a temperaturas dc recuperacifn.

.. Colaminaci6n en caliente

a) Condiciones do superficie

Desaparoce el efecto del endurecimiento previo v do la energia al-
macenada. So trabajO entre 5500 y 6000C. Las probetas fueron desengra,
sadas y decapadas y secadas.

So determin6 quo, para Los tiempos de calentamiento necesarios
(del orden de 30 mninutos) la rugosidad resultaba perjudicial, obteniftndose,
uniones mets limpias v con menor deformaci~n minima do colaminaci~n,
para probetas pulidas tlufmicamente. La oxidaci~n so estudi6 dejando tiom
pos creciontes en elhorno. La ideformaci~n minima de colaminaci6n er-a o
7% para, 30 min. a 6000C, y subra a 20% parrt 180 minutos a 6000C.

b) Condlic-iones de laminaci~n

En general puede decirso que contindan teniendo validcz las do co-
laminaci~n en frfo.
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4. CONCLUSIONES

4.1. Condiciones . ara obtener uni6n _or colaminaci6n

Del andlisis de, lap, condiciones de laminapi6n surge claramente que, todos
aqudellos pardrretros que de algu-xna manera aumentan la fucrza separadora y, por
lo tanto,, la presi~n especfficm. media de laminaci6n, increinentarg la resistercia
de. la unidn. Tal es el caso del endureciiniento por trabajado previo. Diiho en
otras palabras, para incrementar la resistencia de la uni6n intercsa la presiidn
aiplicada. Esto, es vdlido para colaminacifn en frro y en rnaliente.

Las condiciones de superficie afectarfan. el umbral mthiio de uni8n. Al
estudiar esas condiciones, ciertos pardnmetros tienden a disimular al efec' o de
otros, pero puede decirse en forma general quso es fundamiental e~imipar !a zona
contamnifada para obtener unifn. En ambos casos de colarninacifn en caliente y
en frfo, es preferible la formacifn de 6>idos frdgiies, aunque scan de mayor es
pesor, que la de 6xidos que sigan la dcfurniacidn.

Pareciera claro que la unidn se efectia en la difercrncia entre la zona de-
formada y la superficie inicial, que si el 6xido es fr~gil se manitendrt'a constante.
Las figuras 6, y 7 muestrari dsto para dcformaciones cercanas a! umnbral mfniino
con diferentes aumentos.

El efecto de la rugosidad no parecicra claro, en la colaminacifn en frfo,
E~n caliente es evidentemente perjudiuial por la gran oxidaci6n que desarrolla.

'1.2. Dispersi6n de resultados

La biblicgrafIh presenta una gran dispersi~n de resultados. No serth in-
ccrrccto suponer que ello se debe a dos factores:

a) la dificultad Para obtener ensayos mecdnicos sencillos y reproduci
bles que midan la resi--tencia do unifn de Las probetas colaininadas

b)la dificultad en asegurarse la eliminacifn total de la zona contab',.ito."
da. Esto se obviarfl'a efectuando la colaminaci6n en alto vacfo, Pero
no se tienen dates a ]A fecha.

rn ~ ~4. 3. Tomias en ejecuc'On yaeetas

Se ha iniciado una sisteni~tica teridiente a aclarar inejor el cfecto de la rul
-.- i-idad en la colaininacifn en frfo.

Igualinente se trabaja en observar la distribucidn de 6)ddos para altas de-
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tormaciones procurando relacionar la superficie de uni6n con la resistencia de
un16n:

a) Se considera interesante estudiar el efecto de la energfa superficial
almacenada sobre la unifn.

b) Estudiar en grandes cristales la facilidad de uni6n en funcifn de las
orientaciones relativas de las dos caras a unir.
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Figura 1 Laminadora, Equipo de Medici6n de Presimies y
Sisterna de Registro

Figura 2 Pr-obeta Entallada, Dispuesta para el Ensayo y Probeta
luego de dste Most~rando la Rotura sobre la Interfase
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Figwra 3 Resistencia de la Unieln Colaminada

Figura 4 hnpresiones de Mlcrodureza en la Interfase de Al-Al
Colanminado en Frfo 325 X
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Figura 5 Presi6n Especfflca Media

Figura 6 Micrografra de la Interfase de Uni6n para 30 seg. de
Expoeicien al Aire. Ataque: Agua Regia Fluorada 80 X

'.A 01 V75'4

Figura..7 Mlcrograffa de la bIterfase de Uni6n presentaudo Lagunas
Cerradas def Oxios. -Alaque:. Reactivo de Milner 400 X
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INFLUENCLA DEL EFECTO DE TANIARO Y ENTALLADURA
EN LA RESISTENCLA A LA FATIGA DE EIJEMENTOS ESTRIJCTURALES

Y DE MAQUINAS

por

I~ng. Roberto Kuguel

Introducci6n

Desde un punto de vista pr~cticol la resistencia a la fatiga, tli cual se de-
terniina en experiencias de laboratorio, es dtil en la medida que sus resultados
pueden ser trasladados de la pequefla probeta utilizada generalmente en el labora
torio 1a',a -'r',i~o real de la parte estructural en cuesti~n.

Para trasladar los valores de la resistencia a la fatiga dc las Decqueias
probetas de laboratorio a la pieza real, debe considerarse por lo mcnos la in-
fluencia de cuatro variables. la entalla, la variaci6n de resistencia a la fatiga
con el volurnen (efecto de tamafio), la forma del eleniento real, y la posible dife
rencia en la forma de aplicaci6n de la carga.

En este estudio, se considerardn qud iguales condiciones tienen lugar en
las probetas y elementos estructurailes, con respecto, a Las otras v;ariables.

Cada uno de Los factores arriba mencionados han recibido la cuidadosa
atenci6n de muchos investigadores, que han tratado el problerna desde algdn puna
to de vista particular- la influencia de la entalla, la disminuci6n de la resisten-
cia a la fatiga con el didtmetro, el comportamiento de diferentes conformaciones
bajo cargas repetidas, etc. Desgraciadamente Los resultados no fueron siempre
concordantes, no habiendo sido posible compararlos debido a la. ausencia de un
factor comdn apropiado.

Prop6sitos V Alca-nce

El presente estudio trata. de los diversos factores geomdtricos quc inter-
vienen en el problema del diseflo bajo cargas repetidas en metales, esto es la entalla, Los efectos de tamaflo y forma, y la influencia de los diferentes tipos de car
gas. Es su objeto encontrar una expresidn simple suficientemente generalizable y
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razonablemente segura, a fin de su inmediata aplicaci6n al disefio.

Como pairdmetro o factor comdn, se investiga la influencia del volumen a]
tamente tensionado de material.

Aunque se delinea tin procedimiento genieral. el alcance de este estudio ccn
cierne primariamente a estado de flexi6n, clebido a la falta de (latos apropiados pa
ra otros tipos de carga.

An~disi s

Es el prop6sito de este analisis, encontrar una expresifn aplicable al. pro-
blema de diseijo bajo cargas repetidas. Trata de algunos de los factores que gobier
nan la fractura, por fatiga en prohetas metAlicas sometida:; a momeritos flexores o
torsores.

Gradiente de Tensi6n

La superficie, que es donde se inician con mayor frecuencia, las fisuras,
tienen una gran influencia en la rotura por fatiga; luego. su estado merece una
cuidadosa atencidn en toclo estudio dirigido al disefio.

Para un metal dado, puede definirse la superficie con el conocirniento de
las siguien~tes variables: 1) ambiente, 2) rugosidad. 3) lensiones residuales, y
1) gradiente de tensiones. Se supondrdn constantes los tres primeros y conside-

emos pues el gradiente de tensiones, definido como:

G d ri max 1 (1 )
(I3 max cm

Para probetas lisas, sometidas a flexi6n, el valor de G es inmediato:

G = 2/d (2)

Para otros tipos de probotas, es posible derivir expresiones apropiadas.
partiendo de las formulas de Ne'ubcr (ref. 1). Para probotas con entallas profun
dos sometidas a flexi6n o torsi~n. las derivaciones fueron -Jadas por Uzhik (ref. 2).p ~En ref. 3 se dan ecuaciones aproxirnadas para computar G.
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Punto de Vista Estadrstico

La falla por fatiga es un fen~meno estadtrstico. EstI la rotura asociada
con defectos en el seno del material: la probabilidad de encontrar un defecto es
proporcional al volumen del mismo. Luego, la probabilidad de falla aumenta, con
el volumen de material. Este argumento es la base que permiti6 el desarrollo
dc diversas toorflas cstadrsticas de fatiga (ref s. 4 y 5).

Volumen de Material Altaniente Tensionado

Es posibic, combinar las premisas anteriormente expuestas, estabieciendo
cons ecuen temente que, dentro de un margen estadrstico, dos probetas tendrdtn
igual prohabilidad de falia si ambas tienen el mismo volumen altamente tensionado.
Por "'volumen altamente tensionadot' se entiende la deigada capa de material some
tida a una tensi~n relativamente alta, por ejemplo 95% y mds de r max. Cualquier
regi~n o porcentaje podrra haberse elegido, siempre que ci gradiente de tensi~n en
la, misma fuera aproxiniadamentc lineal.

De ser cierta esa aseveraci~n, la resistencia a la fatiga no dependerfa ya,
entre otros factores, del diAmetrc de la. probeta, sino del volunien mencionado.
Ademds, debe recalcarse que un mismo valor de cse volumen puede alcanzarse en
una probeta pequelia lisa, y en otra entallada, con mayores, apropiadas dimensio-
nes.

Efecto del Tamafto

La hip~tesis serl aplicada en primer dr-mino al efecto de tamafto, esto es
la disminuci~n de resistencia a la fatiga observada en pi.ezas metAlicas, cuando su
tamafio aumenta. En primer tdrmino se tratd de correlacionar el efecto de tarna-
iho con la resistencia, a la, fatiga T f y la resistencia estdtica 4Siu* Aunque serta da
bile esperar que los resultados en un diagram.a G'~vs Tse separaran en bandas
que contendrfan diferentes ra~ngos de didmetro, e}.lo no) tuvci lu~gar.

Un segundo intento de correla i~n se efectuO entonces, plotearido el Io arit
mo del volumen altamente tens ionado arriba, mencionado versus logaritmo ? -
Para ello se utilizaron resultados provenientes de trabajos de D. Morkovin yma
H. F. Moore (ref. 6), y H. F. Moore y T. J. Dolan (ref. '7).

El volurnen altamente tensionado fue determinado tomando en cuenta el gra
diente de tensi~n y las siguientes hip~tesis simplificativas (ver fig. 1 y ref. 8):

1 . El Area A~ serl considerada triangular.
2. La distancia d' entre centros de gravedad de las Areas A es aproxi

madamente igual al didnietro d de la, probeta.
3. El volumen V estA sometido a un momento flexor puro.
4. El factor Kt no modifica, su magnitud desde d a dj.
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Las hipotesis 3 y 4 dependen para su justificaci6n de la distanciaA L a
cual en la gran mayorfa de los casos es 10 suficientemente peqiiefta para ello. Los
resultados muestran (fig. 2) una relaci6n pronunciadamente line~al (*). La ltnea,

* .~ recta resultq rite puede ser representada por la ecuacidn:

Afin- de hacer este procedimiento aplicabie a probiemas pr~tcticos, es,,

recta fue dibujada a travcds de un valor exparimentai que tiene, en cada caso, el
mismo volumen altamente tensionatdo: V1 =0. 000349 pulg3 . E~-e v 1, men corres
ponde a una probeta lisa de d = 0. 25 pudg, y r = 1. 25 pul~g. Luego, 'Los par ,tinetros
de la ecuaci6n (3) tendrdn los siguientes valores:

B =0. 136 0'ma1

donde T max 1 es la tensi~n m~xirna para V1I, y

a= 0. 034

En la fig. 2 estdn represenitadas estas r~etas y Las w-dt~ a una
banda de dispersi6n de + 10%1. Como puede ob:3wvat 6e, todos ios puntcs y~een
dentro de esas bandas, excepto dos.

Efecto de la Formna y del Tipo de Carga

El procedimiento anterior destinado a detern-inar el volumen de material
aLtamente ten sionado,3 no se ye restringido a la utiLizarcion de probetas con 4guai
formna transversal o tipo de carga. Por ellm, la tU1cnica utilizada fue extendida a
diversos casos seieccionados de las referencias 9 y 10.

La fig. 3 muestra el comportamiento de probetas de aLeacidn de aiuminio
24S-T en ensayos de fLexi~n alternativa y rotativa, ref. 9. Como en este caso no
hay probetas con el "'voLumen Thdice"l V1 = 0. 000349 puig3 , no es posible apiicar
la ecuacidn (3). Sin embargo, se observa que Las probetas siguen la tendencia ge
general. Tambi~n de la misma figura es posible observar que probetas con sec-
ciones transversales con esquinas ag-udas, tienen una definida reduccidn de resis
tencia, adem~s del efer-to de forma ya mencionado. En la figura anterior - ndrae
ro 2- se ha incluldo tarnbien resultados para un acero SAE 4340, correspondien-
tes a 4 diferentes fornias de secci6n trandversal, bajo flexi6n alternada. Estos
resuLtados yacen dentro de la misma banda de dispersidn determinada para el mis
mo acero, en ref. 7. No se han efecti.ado correcciones tendientes a ccrnsiderar la

pcqgiefla diferencia de propiedades estAticas entre ambos aceros SAE 4340.

()Como la mayorflu de las probetas utilizadas en Los estudios aquf detailados fue
ron construfltas con la Libra y puigada como unidades de medida, se ha preferi
do seguir este sistema para desarrollar Los resultados obtenidos.
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Ensayo Estdtico

Finalmente y escapando un poco del alcan~ce establecido para este estudio,
se da en la fig. 4 resuitados de tensi6n de fluencia medida en ensayo estdtico: se
da alir valores de la tensi6n de fluencia en funci6n de log. V, segrin resultados da
dos en ref. 11. Aquf tambi~n se observa una reducci6n lineal de la resistencia
con V,3 aunque la incliiaci6n resulta un poco mayor. No obstante, utilizando la
misma pendiente que en los casos anteriores, la dispersi6n resu-ita ser menor del.
20%.

Relacifn Entre Kt y' Kf

Es bien sabido que la mayor1M de los metales no muestran una reduccidn
de su resistencia a la fatiga tan important-,~ como la predicta por el'factor te6rico
de concentracift de tensiones" Kt, definido como

Kt -- ~-a- (4)

Tnom

Es por ello que el factor empfrico Kf, dado por la expresifn siguiente:

Kf= Gf (5)
T fn

debe ser usado en el diseflo. La desigualdad Kf <(Kt ha sido observada repetida--
mente en la prdct~ica. La explicaci-6n mds extendida al respectco ze basa en consi
deraciones acerca de la deformaci6n inelastica en la rafz de la entalla. Sin em-
bargo, ella no da una explicacifn completa, y consistente acerca del fen6meno. La
cuesti6n importante que sobreviene, es la predicci6n del valor apropiado de Kf.
Para solucionar este problema, Peterson (ref. 12) introdujo el importante con-
cepto de "factor de sensibilidad a la entalla"l q, definido como:

K1 - 1

Este factor tiene el mdrito de sumin~istrar una escala para la medici6n de
la sensibilidad a la entalla, que var1f. entre q *e0 (efecto de entalla. nulo) y q = 1
(efecto de entalla total). Petersor. sugiere que q depende del radio rn en el fondo
de la entalla y de la dureza del material. Sin embargo, se considera que rn no
constituye una completa. representaci6n de la entalla. AdemAs, se ha observado
que q es muy sensible a los valores experimevitales y a la. dispersi6n de los resul
tados. Aquf se considerard la relaci~n entre los coeficientes Kt y Kf, a la luz de]
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concept() do. volumen altamente tcnsionado.

A ng Iis is

Intr~odtuzcamos en la ecuaci6n (5), la f6rmula emprrica descripta en (3)-

S..~

Kt

finalmentp

i•2f V] 0.034

Considerando ambas probetas, la lisa y la entallada, de igual di~metro, es
evidente quo Vn serd menor quo Vs; consecuenteniente, Kf serd siempre menor
quo Kt. Se dard a continuaci~n la relaci~n entre Kf y Kt para probetas con entallas
poco profundas, sometidas a flexi6n rotativa y carga axial repetida.

Para una probota de diametro d y radio del pedil r, la expresidn para V,
segdn se ha podido coniprobar, estd- dada por:

V '_-0. 02 1~. d d (7)
G

Para probetas lisas.. segdin (2) rosultard:

VS= 0. Otv'\/ 7 d5 (8)

Y para probetas con entallas poco profundas G =2. 5/rn. Luego en (7):

Vn 0. 008 r' . d' (9)

Teniendo en cuenta estas dos ditimas expresiones, la ecuaci~n (5) puede ser
escrita astia

0.034

Kf r3 (/

ypaad f = L(0. 8)\ 1I (10)
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Luego, la relacifn entre Kf y Kt depende solamente d,, la gcometrfa tie IU
ivcci6n crftica de ambas probetas, lisa y entallad-a, Y no Le! mater'ial. En 1,1 p-I r

te B de la Discusi6n se volverA sobre este punto.

La incidencia de cada una do las caracterf'stivas geom~tricas rn, d y r5
puede pesarse de acuerdo a la siguiente expresifn:

a(Kf KtI ?(Kf X t ) *r(Ki/'Kt.;~

CL(Kf/'Kt) rn r~ Sy (I ~
(K /t')Kf Kt Kf ,Kt fK

Reemplazando las derivadas pci' sut. valores v 6impliftjcando, resulta:

Li. (K `Kt) r 5d(

-V. = .51 0.017~ d(Kf/Kt) rln 0.1 . 0 1

Luego, la variaci6n de rn tiene tin tf ecto tres v'eces mayor que el de rs, v 1. 5 ei de
d.

De la consideracifn de una amplia gama de forma de probetas,, se ha podi-
(1o concluir que es fundamental mente rnfl fi actor quo pie-do modificar sustancial-
mente la rclaci6n ontre Kf/*fyI't:una gran variaci6n en las caract~erfsticas geom4ý-
tiricas do probetas lisas, s6lo provoc6 tin 15% de variaci6n en la antedicha rela-
ei~n. Es por ello que, sin temor a errores importantes, puede tomarse las di-
mensiones de una proheta. generalizada. lisa,, de fatiga, como base para el an~1i-
S's.

La fig. 5 resulta de considet-ar una probeta de d - 0. 3 puig. , y r5 IOd.
En estas condiciones, la 0i 0 se transforma en.

0 051

En la misma tigura se han incluildo 112 resultados ex,,erimentales tomados
do ref. 13. Los val ores de Kt variaron entre 1. 4 y 2. 8. Se observa que, aproxi-
inadamente (i178'7 de los resultados xacen dentro do la banda de dispersi~p + 10%.

A continuaci~n se analizard ]a relaci~in entre Kj y Kt para placas bajo car
ga axial repta-ida. En este caso, se ha podido determinar quo Los voidmenes Vs Y
Vn estAn dados por

Vs =0. 4f/\J rs , bs t . bs

pa~ ra prohetas Ii sas. En el caso de prohetas con entall~az poco 1)rofundas:



y para entallas profundas

Vn =0. 024 rrb L. r

Estas ecuaciones fuerori utilizadas para determinar los valores de lKf en
placas sometidas a cargas ,,.iales. En la tabia siguiente los valores computados
se comparan con resultados experimeni~aies extrardos de ref. 14 y 15.

K Kf calculado Kf experimental

Para aleaci6n Para aleaci6n Para acero
24S.-T3 I ?5S-T6 SAE4130II-

21.8 1.8 1.9 1.9
'2 1.6 1.8 1.9 1.7

21.6 1.8 1.9 1.7
43.0 3.1 4.03.
42.8 2.4 3.22.
FI3.6 3.4 5.0 47_ i

Una banda de dispersifn de + 10%, incluirra el 58% de los 18 resultados
compul sad Os.

Discusi 6n

A. Bases para la seleccifn de la banda de
dispersidn de + 10%

Dos caracteri'sticas de los resultados de experiencias sobre fatiga que
afectan la exactitud de la medici6n de la sensibilidad ck ]a entalla, son la gran dis
pers ifn de los resuitados v la influencia potencialmente importante de diversas
vaeriables t accidentales".

Se ver~n a continuaci~ii aigunos de los ifactores que producer. errores siste
mdticos:

1. Forma de preparaci~n de ia probeta.
La resistencia a ia fatiga de probetas realizadas con ei mismo material pe
ro en diferentes talieres, y aun en el mismo taller pero con diferantes
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operarios, puedo diferir grandemente. Ese coinportamiento irregular es~-
t-I provocado por ]as variaciones en las tensiones residuales, trabajado me
canico y riigosidad superficial introducidas por las diferentos tdcnicas em-
pleadas en. ef mecanizado y pulido de probetas.
Gohn y Fox (ref. 16), han registrado por ojemplo, una diforencia del 25%
en la resistencia a ]a fatigra do probetas do bronco fosforoso en ensayos do
flexi6n rotativa, que habfan sido maquinadas por dos diferentes talleres,
pero ambos siguiendo los procedirnientos nornializados por A. S. T. M. en
el manual do ensayo;; de fatiga (ref. 17).
Aun en el caso de que las probetas sean proparadas por el misino operario,
las diferencias en los radios de las probetas lisas y las entalladas hace ge-
nera31mcnto imposibic utilizar la misma tdcnica de maquinado y pulido. Es
tos factores pueden introducir una diferencia sistem'Itica y una falta inhe-
ronte. de reproducibilidad entre detorminacionos experimentales de la sensi
bilidad a la entaila que, descie otro punto de vista, podrflan ser totalmente
comparable s.

2 Influencia, de ]as condiciones amnbientales generalnionte no controladas du-
rante la oxperionicia.
La Inayor~a do los ensayos do fatiga efectuados a temperatura ambiente, so
realiza~n sin control seguro do las condiciones ambientales variables perid-
dh.:amente, tales como la temperatura y el contenido, de humedad del aire
del laboratorio. No obstanto, estas variables pueden tener una pequefia pe
ro concreta, influoncia en la vida de las probetas.
Asf Liu y Corten (ref. 18) establocieorn quo ol contcnido do agua del aire in
fluye en la vida a !a fatiga de probetas do aleaciones de aluminio sometidas
a tensiones repetidas: tin incremento del contenido do agua desde 12 granos
a 120 granos, por libra do aire seco, dismiinuy6 la vida do fatiga por tin fac
tor aproxim adamente igual a dos.

3. NaturalIeza estadfstica del feri6meno do fatiga.
La fuoente n;as iniportante en la dispersifn azarosa de los valores ex-peri-
mientales do Kf reside en la naturaleza estadrstica misma del fen6meno do
fatiga. Las hoteroggenoidades en el seno del material son los orfgenes de
las fisuras por fatiga y de, la fractura. consecuente. Probetas individuales
de una dada poblacift estadfstica exhiben una gran dispersi6n tanto en la.
vida conio en la resistencia a la fatiga. Fn las determinaciones experimen
tales do Kf resu.nidas en la fig. 5, fue una pr~ctica normal basar el valor
do Kf en los resultados do diversas probetas ensayadas en la regi6n del If
inite de fatiga (o resistencia a I'a fatiga a 10 ciclos). -Cada investigador
utiliz6 tin gran ntlmero de probetas, pero el valor do Kf fiie daterriniado
por las pocas probetas onsayadas a tensionos muy cercanas E. la resisten
cia a la fatiga. Luego, es vdlido pregunterse la importancia do la dispe~r
si6n quo puode estar presente en los ressiltados arriba menicionados. La
rospuiesta puede provenir do ]a oxaminaci6n de la variabilidad estadfstica,
esto es ia desviaci6n standard quo debe ser asociada a I& resistencia a la
fatiga.
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Ensayos cuidadosamonte planeados y controlados, donde todo aquello que
no sea dispersi6n por fuente estadfstica fue minimiza^do, dieron los si-
guientes resultados (ref. 19):

1T+des 2 desvia

Material I. f ksi) J ciones
I standarc standard

SAE 1050 408 4. i.0 2. 0
Hierro Armco recocido 29.8 j 3-. 0 2.3 4. 6
SAE 4340 tempi. y esferoid-iz. 62.5 6.3 2.7 5.4
SAE 43440 tempi. y normaliz. 97.6 ti 9.8 17.2 14.4

La tabla anterior indica que Una banda de dispersi6n de +10% cubre un ran
go levemente mayor a una desviacift standard en dos casos, levemente su
perior a dos desviaciones standard en un tercer caso y cerca de 4 desvia-
ciones standard en el cuarto.
Siendo Kf la relaci(~n de dos valores de resistencia a la fatiga, es apropia
do determinar c6mo la desviaci6n standard de Kf estA relacionada con ellos.
Para un cociente tal como

± fn

la desviaci6n standard estA dada por (ref. 20) B.

22

s: P- 6s + 2ýfn(12)

fs f n la(
- re

donde Kf, 9 yf Y fn son los valores medios de Kf, 'I-f y qffi respecti- P
vamente.
De la (12) puede deducirse la siguiente expresifn, donde

S4, = cc .S q su
fs fn tal

Pu

y en donde frecuentemente cc >z 1, desde el momento que las probetas en- rA1

talladas exhiben menos dispersifn que las lisas:.

SK ~ SI
fA _ _2 + 1 G-fn

K )2 (13) C

Es obvio que la relacion
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es mayor quo el cociente
S

~fs ~fnl

y (como se puede mostrar en forma aiAloga) de

ý K ;
pues el valor del tdrmino bajo la rarz es necesariamente mayor que la wni
dad, Luego. el ancho de la banda de dispersifn de Kf expresada en porcon
taje de Kf, es mayor que la banda de dispersi6n. asociada confl'-,f 5 0 -n
Una vez acumuladas las fuentes de dispersidn arriba mencionadas, puede
concluirse que la banda de dispers~in do + 10%, da una estimaci~n conser
vativa de la dispersi6n quo debe esperarse en determinaciornes de JKf/,
siempre que una ocurrencia de caracterrsticas especiales del material,
geoinetrfa de la probeta, etc., no concurran para dar una falta bastante
inusual de dispersi6n.
De ]os resultados que se muestran en la fig. 5, donde el 78% de los 112
puntos inclufdos caen dentro do esa zona de dispersifn, puede estimarse
que la banda de + 10% corresporide aproxirnadamente a 1. 2 desviaciones
standard.
Si bien un anftlisis mds exacto de la dispersi6n serfa deseable, la falta de
resultados tratados estadrsticamente, lo hace en la actualidad imposible.

B. Alcance v limitaciones de la presente tentativa

El autor de este estudio supone quo otras caracterfsticas geometricas, ade
m~s del ya mencionado volumen V, tienen una influencia, aunquie pequeiia, en lare
lacift entre Kf y Kt. Entre ellas podrif.n encontrarse los siguientes factores; du-
reza del material, heterogeneidades de la estructura cristalina y deformaciones
pl~sticas localizadas.

Para el objeto de una estimaci~n apropiada do Kf a usar en el disefio, se
s up.iere pues modiflcar Kt segiln el concepto del "'volumer, altamente tensionado!"
tal como fue expresado en laecuaci6n (6). Seg1n los resultados dados en lafig. 5
puede anticiparso que en 4 de cada 5 casos, el valor de Kf asf determinado, esta-
r~l dentro do +10% do error.

Conclusiones

Los resultados do esto ostudio parecen justificar las siguientes conclusioncs:
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1. La resistencia a la fatiga de los metales disminuve a medida flue PI volt:-
men tensionacto de material en la superficie, aumenta. Una regi6n alta-
rnente tensionada que cubra, por ejemplo 95% y m~s de ý7-max, puede ser
considerada para el diseilo.

2. Se ha encontrado una funcidn lineal, con una pendiente suficientemente inva
riable para muchos metales, en la relaci6n entre el logaritmo del volumen
V y la tensj6n mdxima del material. La ecuacidn de esta recta puede defi-
nirse para un dado material conociendo solam-entc un valor de resistencia a
la fatiga: la tensi6n mdxima para V,1 0. 000349 pulg 3, que corresponde a
una probeta lisa de 0. 25 puilg de diametro y r = 1. 25 pulg, sometida a un en.
sayo de flexi6n rotativa.
Comnparando esta ecuaci~n con resultados existentes en 6nsayos de flexidn
alternada y rotativa,, se encontr6 un error mdximo de 10%.

3. Partiendo del misino concepto, es posible inferir la desigualdad Kf KKt.

4. Kf depende de Ktý, el radio de las probetas lisas y entalladas y del diame-
tro d; sin embargo, la influencia de Kt y el radio de la probeta entallada,
son los factores mas importantes.

5. La relaci6n entre Kf y Kt para probetas sometidas a flexidn rotativa, esta.
registrada en la ecuaci6n (10) y en la fig. 5. Examinados resultados expe-
rimentales, se observd que el 78% de los resultados estuvieron incluidos
dentro de una banda de dispersi6n de +10%.

6. Experiencias ulteriores,, actualmente en desarrollo, permitirdn verificar
sistemgticamente las expresiones aqu~r adelantadas.
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NOTA GION

A Area formada, por la intersecci6n del volumen altarnente ten~ionado V, con
un piano pasante por el eje de la probeta.

a Exponente.
B Coeficiente dependiente del material.
b Ancho de una placa.
d DidmF-tro crftico o mds pequefio, de u:ia probeta.

df Didviefxrý de una probeta, en los extru-ii
di Distancia entre los centros de gravedad de la,- areas A.

G Gradiente especifico de tensiones.
Kf Factor real de entalla.

Kt Factor te6r-ico de concentracifn de tensiones.
q Factor de sensibilidad a la entalla.
r Radio del perfil de una probeta.
S Desviaci6n standard.
t Espesor de una placa.
V Volumen de una probeta, sometido a 95% y mas de la tension m~.xima.
6 Semibase del triAngulo formado por el Area A.

STensi~n de fluencia
f- LIfmite de fatiga de un metal. (Para aleaciones de aluminio, la tension co-

rrespondiente a 107, ciclos).
mna x Tensi~n md1xi-La.

(rnom Tensi6n nominal.
1: Tensi~n de rotura estAtica.

S ubrn di ce s

n Para pi cbeta. entailada.
s Para probela, lisa.
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rigura 1. Caracterrsticas Geonietricas y Distrit,,ni6n de
Tensiones en el Area A de una Probeta pur~a Flextan
Rotativa

j :proeb.s min Qts1~ xPobt, nata

1-~ ~ ~~~o metal 4: :potaetlad
w. seccl6a reod SAI 4140
8: seccl6m cuad4r:.d&?, 14.3 kol

soeccl6a c6ables, Is 1?.$ kel
- *s.ccl6o r6ablcs gsayes, do flegida

okV 1htaI 4: )JAC 42401M

oo_______

5O *t.. . .s(

jo O.OWOO A.O. (v~ . ~ 00 0.1 £

volumes ait~asate teasi@a~do. pola.
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"ESTRATEGIA DE LA INVESTIGACION METALURGICi
EN LATINO AMERICA"

por Jorge S~bato

Si el Dr. Villanueva comenz6 su exposici6n diciendo quo eran bases prell-
minaros para una discusi6n de una metodologfa general, Uds. me van a disculpar,
p~orquc. las mfas son bases preliminares para las bases preliminares del Dr. Villa
nueva. De manurIa que traer este tema a osta rcuni6n ha tenido tum objetivo funda-
mental quo es, como el de muchos otros quo so han trardo a esta conferencia, la
do producir unit determinada inquietud on los quoe trabajan on metalurgia, per un

A lado y en los que planifican la economra y el desarrollo per otro.

Corresponde natural mente a una tendencia moderna que adquiere su aspec
to m~s org~nico en los trabajos quo roaliza la 0. E. C. D. en Eiiropa. Por cuanto
al toner que fijar y doterm-inar la estrategia en varios pafrses y al hacer cuenta do
los recursos disponibles, la 0. E. C. D. ha organizwdo comite's especiales, meetings,
reunionos do ministros de ciencia, etc. , con el oibjýtc. de trarar de planificar o de
fijar algunios t~rminos de planificaci6n para la investigaci6n cientrfica y/o t~cn:&.ý.
El problema. en tdrminos generales es muy simple: frente al universo do cosas por
in%,cstigar, evaluar los riesgos do la invostigaci6n, como lo expresara el Dr. Villa
,iteva, En particular los riesgos medidos, no do una empresa particular, sino en
:-ri torma te6rica general, para todo el mecanismo ccon6mico general. Teniendo
on etienta. estos dos factoros, no c ahe ninguna duda quo la preocupaci6n.enpri
clular en ol caso de los miembros do Ia 0. E. C. D. , estA fundarnentada. Reflexio-
nclnos: si on el caso de'la 0. E. C. D. , es de'2ir en el Caso de los parses Europeos,

'apreocupaci6n estA fundamentada, en parses do estructura mucho m~s debil, co
Tno Ins parses latinoamericinnos, la fundarnentaci6n es muchirsimo m~fs obvia.

Si los recuirsos disponibles son escasos y si para emplear esos recursos
disponibles no trmzamos ima estrategia adecuada, el rendiiniento social de esos ro
curses serft mucho menor todavfa que si para los mismos diSPu]Si~ramos de unit
polftica inteligente. Per supiiesto quo estas son cosas generale~s por cuanto estAn
on la base de la creacifn de los organismes donominados Consojos Nmacionales do
lnivestigacifn que existen en varies parses latinoamericanos ý quo en los quo no
exilsten muy pronto se van a crear.

Pero es una preocupaci6n moderna, per supuosto, es ima preocupaci6n quoe
hubiera producido aberraci~n no solamente a los economistas liberales sino a los
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polifticos liberales. Pero corresoondon nor otra wirte ; iinn realiadnr -ne ceMO
siempre ocurre, es mucho ina1s fuerte qile los osquernas to6ricos preo-existent es.

En ciencia, corno en otras actividades, hahrA quo planificar. Este es un impera
tivo. Conviene rnucho que los quo hacen investigacifn corniencen a ponsar en este

problema, por cuanto si n6, les octirrird1 lo quo ha ocurrido en otras actividados..
que serdn planifiz-adas de buenas a primeras, sin consultar su opini6rl y sin Siquie
ra haber Ilegado a la preocupacifn dei problerna. Con el Dr. Villanueva revisa-
mos hastante bibliograffa sobre este terna, y encontrarnos quo los tratarnientos ge
nerales son dobiles, que no hay una metodiologra a la cual podamos recurrir corno
criterio, como cartabon filos~fico. Lo qic~ hay son tentativas, apr'':imaCiofles 1i
jpro)l1e ma.

Toda vcz que me cricuentro quo s6lo hay aproximaciOnes tentativas en Lin
problerna, eso me alegra poroue asf tenem,-s chance de intervenir en la elabora-
ci6n dcle mismo, Si ei esquoma te6rico general -digo-- es d~bil, la metodologi'a
misma Pstl todavi'a onefl ahoracion. Nos'4tros homeos pensado que lo interesante,
por tin lado serf~a tratar do hacer algiin esquema te6rico, corno el que ei Dr. Villa
nueva presentO, y por otro ]ado comenzar a aplicar. albunas de esas ideas a una
disciplina espeorfica.

Er' lugar entoncos do ocuparnos de la investigaci;6n cientiffica, de L*a invos-
tigac-i6n tecnol6gica, como concepto general, entrar on una disciplina, en un drea
determinada, donde tenemos un producto un poco m~s evaluabie que adenm~s lo p2,
darnos referir a noco-sidades y po.AbiliPades navionales de corto, do mediano y de
largo aicance.

Por lo tanto, si el informe que present6 el Dr. Villanueva puede ser califi
cado de te6rico y general o abstracto y generql, sin que ning.ino de esos tres ad;-
livos scan peyorativos, sine descriptivos, lo quo yo voy a proponer ahora es exac
tamente ]a antffe-sis de eso: es mi andlisis rnuv crudo,3 muy descarnado, r-nuy so-
bre Pelrerntos primarios de la metalurgia. Y lo hacemos un poco do intento, por
quo., as~r podemos comenzar a vor si ciortas ideas generales se pueden aplicar al
anAl isis de situa ciones particulares,

Conviene que diga aigunas cosas para beneficic de las personas que no es-
t-ln familiarizacias con la industria nietalhirgica. Alguynos datos referentes a osta
industria, en el contexto On 'a economfa Argentina. Las que voy a decir son muy
broves, y fcieles dc recoi-dar, pero justifican un poco quo si hacemos un esfuerzo
or ]a direcci~rt que he diclio sobre metalurgia, tendrd al'amia signlificeaci6n social v
econ6rniea.

Si evaluamos la importancia do la industria metaldrgrica en t~rminos del
prodlucto brute nacional, a Ila industria motaldrgica lo corresponde el 10%6 del pro
duct" brutfe, seg-dn los datos de 1963. El nilmero de establecimiontos de la indus
tria raetaitirgica, rcft~rido al nilmero total do estahlecimien'Los de la industria go-
neral, es de! 2.7%/,; cl ntimoro de obroros empleados on. la industria metalirgica
os (1e1 32%, re.sprecto al total de obre,.es empleados ca la industria manufact.irera
ge~neral.
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r ~tu res parzimetros, estos tres daios, da dea de que hacer un esfuer-
zo en el sector de la metalurgia es iniportante no solarpntne porque sea nuestro
oficio, sino que adern~s tendrd una significaci6n econ6mica social importante. Sfe
podrfla aproxinlar el problerna de una evaluaci6n de las prioridades en la investiga,
cifn metalIr-gica, sobre bases del siguiente tipo:

Se podrran proponer influencias de corto, mediano y largo aluance en la
economf1a nacional. Para dar un ojemplo: si tomamos tin problerna de
corto alcance podrramos tratar do evaluar en 61 el riesgo que incurrirfa
mos en investigar ese probiema y los beneficios que obtendrra la socie-
dad en tWrminos socialos y econ6micos.

Hago hincapi(ý sobre esto de la sociodad y no de un establecimiento o una in
dustria particular, porque entiendo cjue no cabe discusi6n alguna que en parses de
la estructura nuestra, parses en desarrollo, no cabe ninguna duda debeid haber or
ganismos de planificaci6n que fijardn los objeti;vos sociales, no los Objetivos indi-
viduales de determinado sector. Y digo que importa decir esto en trminos socia
les, porque es rway frecuonte encontrarse con casos como este...

Una persona viene y le dice a uno: Ud. qud investiga?
Y uno le contesta: un tema cualquiera -digainos dislocaciones-- por decir
ursa cosa muy abstrusa...
Q~i6 Iftstima! Uds. tendrfian que investigar cosas concretas.
lEntonces un o d ice - Qud son c osv s c oncretas ?
Cosas concretas son los clips, como dste que tengo en la mano. Ffjesc que
los quc yo fabrico se rompen.
Uno le contesta: Qud ldstima que se le rompan, trate de que no se le rom-
pan... (puede ser una respuesta).
Entonces el sefior irl rnuy disgustado y dird: En lugar de estudiar disloca-
ciones, deberra estudiar cosas concretas, Como los clips.

Claro, son cosas concretas para 61, que mide los t~rminc's de su probleina,
de sti realidad ae hoy a las 8 de la rnahana, porque a las 10 qu4izds ya no fabrica rnds
clips. Si uno pudiera evaluar ci estudio de dislocaciones en tdrminos sociales, a lo
niejor es mucho mls importante que los clips de aqudl seflor.

Un ejemplo posible ý-- el caso particular de la Argentina podrfa ser cl hierro
silicio para transformadores. E-n -.-te case nadie viene a goipear la puerta para ha
cer preguntas cicnt-.--ico-tdcnicas. porque el sefior que iinporta ei hierro silicjo pa
ra los transforinadores y los construye, no tiene ningdn problema de ese ttpo. Su
ncgocio no es cl hierro s-ilicio; su negoclo son los transformadores. Si 61 dispone
de hierro silicio en el mercado internacional y a lo mejor hace buenos negocios con
cosas laterales al hierro silicio, no tiene una prcocupaci6n latente. la tendrd el dfa
quo so cierre la importacifn, el dfli quo sobreve- a una guerra, o cl dfa que e~ds-
tan mecan-Isios de presi6n. En cee inomonto el oblema se transforma para 61
en un algo concrete. Entonces el diagn6stico que debemos hacer debe conducirnos
a dcterminar cuttles son los probiernas concretos en tdrniinos sociales.
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Eso nos va a decir cuftIes son Ios problcma- concretos pa ra hoy o para ma
fiana. Esos probiemas conoretos, en tdrminos sociales, no estAn relacionados a
un individuo o a una preocupaci6n individual. solamente. Debieran osfar relaciona
dos a un andlisis en amiplitud y en profundidad. Los parses no han hecho esto mu-
chas veces. Hay muchos cjemplos de que en los parses, como estructuras socia-
les, no ha habido el incentivo directo del benefiojo econ6mico a que se referra el
Dr. Villanueva antoriormente.

No es cierto quo individualmente uno tonga presente esa necosidad social.
En una econom1fa do mer.,,ado lo quo uno tiene presente son sus beneficios y 'este
es su ohjet]Vo fundamental; para eso estd. Entonces, cuando deci mos anali-zar
prioridades de investigaeir~n on te~rminos sociales y no individuales, determina-
ci~n do riesgos de investigaevlri (n terminos sociales y no individuales, y enumne
racifn en for ma de lisit o n6mina de Los problemas concretos de la metalurgia en
tin pafs. inos volvcmos a referir a tWrminos sociales.

Entonco:ý, en los prohiemas de corto alcance una primera aproximaci~n
muy grosera, insisto qur' muy Iroscra, poro es iuna hip6tesis de trabajo, serra
analizar ]asSustitucie~n do productos meotaltlrgicos por su influencia directa. en la
balanza de pagos. Esto que so hace cuando haý una emergencia nacional, una gue!
rra, un hloqueo, en 'lugar do hanerlo -,or una emorgencia nacional podrfamos ha-
ceflo con plena conc~ienca. Analizamos la lista de productos metaldrgicos quc im
porta cl p-t s y observamos su incidencia -.obre la balanza do pagos. Modimos dc
esa niancra su costo social, y cshozamos inmediatamente una primera lista, por
asrdecir, dc importancia. Esta lista no basta.

Aqur estarfa la lista en relaci6n con los tdrminos do la balanza dc pagos.
No basta csta lista si no ponemos al lado otra lista quo diga qud es lo, que nos mm
pide clahorar, mantilacturar estos productos qiio aqur esta-mos importando. El
impedimento no son s~1o (hficult~adCS teenol6gicas o cientificas; pueden ser conve
nioncias naui onales, podrt~icas, do todo tipo. El organismo de planificacifn tam-
bifn debcr~ft evaluar esto y dsrie algt-in tipo do prioridad; deberd. analizar esas
causas.

Par ditimo tcndrramos quo hacer una tercera tabla y evaluar si los impedi
mentos quo nos impiden elahorar son de naturaleza tccnoi6gica, o bien el producto
estA protegido por una red de patentes, por asr decirlo. quo impiden entrar a nos-
otros en su manufactura. Son productos cuyas inversiones de capital exceden posi
bilidades nacionaics? Este antlisis tieneo quo v'er con ci estado del producto en of
mercado mundial; es devir, coma son las reglas del arte do claborac de tccno
Jogra y do cioncia, quo ost~tn subvaccntcs en ci producto en cuest,6n.

Con ostas tres listas uno puede comenzar a hacer una primera secuencia do
prioridades. Por supuesto por dehaijo do todas cstdn las posibilidades existentos
en el pars, on matoria de investigaci6n. Si el pars no tiene investigaci6n toda esta
lista --por supuesto- es ridreula.
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pars debe tenor un estudio de investigaci~n determinado. Esa lecci6n la aprendi-
mos haco bastante tiempG,. Aunque nolO a hayamos aprendido del todo, aprendimos
lo rn~s importante. Entonces, esta primera aproximaci6n de corto aicance (digo
"tde corto" porquo solarnente se ha tenido en cuenta un aspecto del problema econ6
mico, que es el impacto en su balanza de pagos), puede conducir por ejemplo, en
el caso de la economlai Argentina, a a1gunas cosas interesar.,tes: la Argentina irn-
porta normalrnente 20 millones de M~ares aproximadamente en hojalata para enva
ses de productos alimenticios. Ha sido una importacifn tradicional argentina, por
supuesto. Estos 20 millones de M~ares es una parte imnportante de nuestra impor-
taci6n an-ual, poi cuanto importarnos en el order de Los mil millones de dMares de
produ('tos totales, do mancra que 20 millones de ddlares no es una cifra ridfcula o
pequefia.

Qu~d iniportancia tendrra una investigacifn cjue analizara aspectos tales c0-
mo los siguientes: Por qu6 hojalata en tales envases o para tales productos? Por
quL5 no oti'os pI'UdiiUtos? Por qu(I no a-luminlo? Por qud no pldstico'? Por qu6 no
x'idrios? Ademats, Per qu6 hojalata do Lanto espesor, por qu6 hojalata, de tal me-
dida ?

Y finaLmc-rie: Por quý no dl.3minuir no solamente el espesor de la chapa sino
el espeqor del recubrimionto mismo, cuando este incide tanto en el producto final.
Bueno, un desmenuzamiento do este tipo, del proceso, (estoy tomando un elemplo
relativamente ficticio, excepto los 20 millones de d6laresX, pero un desmenuza-
miento de este problema tiene sentido por una raz6n muy importante:, porque !a
tecnolog~a de la hojalata es una tecnologrh. vie~a en el mundo. Existen numerosos
sustitutos y suceddneos que han sido dosarrollados en otros parses y que no han si
do aplicados a sus economfas respectivas, porque las inversiones do capital que
estdn detr As de la industria de la hojalata, obstruyen esa aplicaci6n, Por lo tan-
to, en el mercado internacional bay conocimiento on hojalata disponible, que po-
drra spr transfer-do a la realidad nacional, re-analizado en t~rniinos del problema
especiffico, y aplicado, si asr fuere conveniente.

Pero hay algo mds todavfa: 6se es un proceso dindmico, y asf hemos visto
hey sorpresas mucho mayores quo las do la hojalata, cuando hemos visto on las
cornferencias 'Los utros dfas, la importancia de la fibra d( vidrio en una cantidad do
aplicacionos tradicienalmente rnetaldcgi::as. _En vstke Lerreno particular, el cam-C
do posibilidades do creaci6n original en termninos do Jos productos nacionales o do
los rocursos nacionalos- osut rnuy abiorto. Tendrfa sentido financiar, apoyar fi-
nancieramente, investigaciones on oste territorio. Y uno podrra Ilegar en un se-
gundo an~]isits a una valuaci6n do riosgo, en la medida que uno dijera; si importa.
mos 20 millones de d6lares anualos do hojalata y un desplazarniento en su uso por
otras cosas, puede reducir este costo social en dos millones do d6lares, podemos
saber cu~nto valdrra -on tdrminos sociales- una investigaci~n en hojalata.

Podrramos asr arriosg-ar 2 millones dle d6lares, por cuant-o si los perdidse
mos serti una p~lrdida medida y en retacifn con una probable ganancia ireportante.
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Entonces se Ypodrra haePr Pen a trvnsA AC_ Un ieanm c-liI dedat'

v~s de un mecanismo de seguro o a trav~s de los mecanismos de COSto Soc,1l (IiLI
tiene toda economra.

Otro caso parecido al de la hojalata, con algunas variantes, es el do hierro
silicio para transformadores. El pars importa anualmento el orden de 10. 000 tolls.
de chapa de hierro silicio. Hierro silicio para transformaciores e-s una necesidad
en todios los parses, de evaiquier parte del iniindo, quo comienc-oi c-ualquier proce
so de industrializacifn, pa rticularmente do eiectrificaci(5r. Una fabrica de traais-
forrnadores es tin buen slrhhoio de rnivel tecnol6gico de un pars. El hierro siliejo
es ,un material desarrcl1iado y porfeccionado sobre todo en los dltirnos aosS por al
gunas firmas -part icu ]a rzente anwi-icanas- que han protogido ademts ese des-
arrollo con una red de patentes tan ceri ada quo 'Las firma-, ingiesas, en el mereado
de hierro silicio, esidn ahora embarcadas en una investigaci6n de nianera tal, de
reemplazar el silicio en el hierro silicio, por cuanto de lo contrario no hay salida
para esa trampa do patentes.

Acd tenemos un caso en ei que no sollamente hay tin costo social sino un cos
to polftico. Por cuanto an la medida en que sobre el hierro sfiicio (que es tin mate
rial tan esty-gt~gico como el cobre o inAs) haya tin conocimiento, una tecnologra n-o
nopolizada de una determinada manera, dependiente de una determninada estructura.
nosotros tendremos no solamente tin cuello de botella econ6mico, sino un cuollo do
botella tieenico. Entonces Lino debe preguntarse cudl es el estado del arte de hierro
Silicio.

Esta es la segunda tabla a la que me refer-fa anteeriormente; es muty impor
tarnte porque, claro, si el estado del arte es tal clue nuestras chances de hacer algo
en hierro silicio son cero, o casi cero, entonces el costo serl tan grande quo no poj
drenios tomarlas. Esto exige tin anttlisis con bises tan s6iidas or. ineta-lurgia para
saber a quo distancia, o que dificultades son 'Las qiue hay que veneer, quo solamente
un s6lido con&imrtiento bdsico rnetalargico en tin equipo de investigaci6n prnede dar
la valoraci~n correcta de esto. Y si uno no es capaz de darila, pues entonces puede
no solamente no resolver el problema., que eso puedo ocurrir muchas veces, sino
conneter tin desatino comenzAndolo a estudiar.

En PI caso particular lell hierro siiicio, para terminar con -11, mui opini6n
personal (y a lo mejor en la audiencia va a haber inucha gente que difiera conmigo,
y ostard ex..cantado de que asr sea) es que el conocimiento que ha derivado do osa
tnalla de patentes es un conocimien-to aicanzabie, Si sC poseen conccimientos bftsi
cos fundamentales y se sabe, por supuesto. el oficio dz investigar. Si se lo ignora
no tic-ne sentido.

Los ejemplos de largo alcance tienen que partir de tin andlisis distinto quo
los de corto aicance. Los de cor to alcance son basados en anAlisis inmediato do
cosas, como ]a balanza de pagos, etc.% Los de largo alcance tienen quo Lasarso
en un andlisis distirito, qu.e consiste esencialmente no en la predicei6n del riesgo
econ6mico, sino en algo diferento, en la predicci6n del canbibo tecnol6gico. Ila-
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cia donee va a cambiar la tccnoiogra metaldraica en los prcoximos 15 aijos. Una
.valuaci~n acertada del cambio de la teenologra mctaidrgica en una determinada
direc1i6n, constituirra para un pars en desarrollo, la posibilidad de un salto gi-
gantesco en sti desarrollo tdcnico, por cuanto le darra la oportunidad de conver
tirse de comprador de royalties, de pagador de "know-how" en el estado de sub
desa rr1o!l)o, al estaclo invcrso., de exportador de conocimiento, exportador de
"lknov& how"t . Y lo quo es nuls importante:, una predicciern adecuada del cambio
pei-mitirfa que cl pars noC instale industrias o teenologi'as que son obsoletas en el
momento mismo en quo el pars esiA tomando la decisi6n.

Estados Unido!: riosee instituciones especializadas on el analisis do la pro
di(:c16n de canmbios tccnu16gicoE. Rus-ia, por supuesto, en su estructura econdmi
col, filos6lica rnds quo ý(_on6mica, tione suhyacente este tipo do an~iisis. La
0. E, C. D. cstd emprefldiLefldi este and1Iisis para ramas concretas de las discipli-
nas tWcnicas. Los pariiscs dOl America Latina deber~n hacorlo con mayor raz(5n to
(Oavfa.

En el caso conervto, en el caso ospecffico de la metalurgia, la predicci6n
deC cambiG so podr:I hacer en funci6n, deC i andlisis acabado del estado del arte ac
tual, do un ainllisis de ]a proyecci6n de ]as investigaciones en curso.

El Dr. Steinberg d16 un muy buert e 'jemplo de 6so, en un caso muy simple
on el fondo pero muy interesante, de las visiones para la ddcada del 60 de Las pro
piedades par-, iateriales destinados a los motores do cohetes- vidrio (en caso de
ser fabricados en vidrio) titanio o acero. El progrTara MEP que expusieron ayer
el Dr. Rced y el Dr. Prornisel, no es ot-a cosa quo la previsi6n del cambio teonoo
l6gico en accifn, pagado con el presupuesto social del pafs, para determinar "tde
facto" cudles van a ser aqucilas direcciones de cambio m~s importante~s. Lo me
nos quo debemos hacer -iosotros es estar muy vigilantes al proglama que expusie
~on el Dr. Reed y el Dr. Promisel. Porque ellos no solaniente est~tn haciendo una

predicci6n te6ri.c-". sin,) quo est~n invirtiendo no se cudntos rnillones de d6iares en
producir la predieci6n. a trav~s de la investigaci6n concreta.

Nada frifts,
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OBJETIVOS DE UNA COLABORACION REGIONAL
EN MATERLA DE INVESTIGACION TECNOLOGICA

por Jorge Sdbato

De acuerdo al programa preparado para la Conferencia, la Secretarra de
Organizaci~n dispuso quo en la se,,i6n de hoy so discutieran medios para continuar
esta tarea que hemos comonzado ahora. La experiencia ha servido para quo discu
tidsemos una cantidad de probiemas y, nmJs importante adn, para que nos conoci6&
somos y encontrdtsemos la manera do seguir adelanto.

Quiei o recordarles a todos Los presontes que osta reuni6n no ha sido otra
cosa quo la conbecuencia de la reuni6n de BogotA de enero de 1963 convocada por
la OEA con el objeto do discuuir la mane-ra de Ilevar adoiante uria colaboraci6n re
gional en materia do inve.3tigaei6n tecnolfgica, y quo Metalurgia fue una de Las
Areas discutidas en aquella conferoncia y olegidas para quo se celebrasen reunjo-
nes rogionaics en las c'.m les habrfa que encontrar la -manera de Ilevar a cabo esa
colahoraci6n. Por lo t~anto, el meeting en conjunto de toda la semana debe ser te
nido como la preparacie~n blsiea y el primer paso hacia un programa mas ambicio
so que naturalmente no so prctende estructurar ahora en detaLLo ni mucho menos,
sino dar un pasito m~s adelante.

De esta reuni6n para adelante deberdtn ocurrir octras cosas, doberemos ha.
cr otras cosas. No debe terminar naturalmente en una si mple expresifn de hue

nos deseos, sinb que la Secretarfa de Organizaci6n estA animada del prop)6sito de

que asr como reailizamos esta conferencia, realicenios otras cosas.

En tal sentido voy a sugerir algunas do Las cosas que podrran hacerse y el
debate ilustrard sobro otras cosas mds. Esta es una lista tentativa y do ninguna
manera compLeta.

Yo quisiera, antes de empezar a enumerar ost~a lista, pedir quo todos uste
dcs contribuyan con sus propias ideas y que en aiguna mediuda nuesta.ra dis cusift, do
hoy est6 realizada bajo el Lema siguiente: no pretendamos la perfectabilidad, sino
consigaixws formas do hacer.

Hay una expresifn inglosa que todos ustedes creo quo conocen y es "wishfu~l
thinking" (buenos deseos) y muchas veces en el pasado esto ha sido bastante tradi-
cional en las asambleas o reuniones Latinoamericanas donde se levantan Las copas
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y se br-inda por la felicidad de todoS, el arnor que todoS nos tenernos y 1,1 herencia
hi1,Dtnica cm-n un g.ra"n destilno, pero ',uando nos volve mos a casa nos olv idainmos
de que eSO hay que implementarlo con a-c i6n. Es decir, rio sirve para nacla y creo
que ha sido el pecado nuestro desde que Ame~riea Latina hizo la gran hazaila de Ii-
ber r-se de Espah-a, que fud mia obra -mdri~f. Desde entonces a la fecha p)arece que
hemos- padecido de una especie de espc-iisnio literario que nos conduce, como digo,
a tener expresiones de muy buenos deseos y' iuy poca capacidad de acci6n.

La seoretarfa estd inspir-ada en el prop~siLo exia(;Lamente opuesto: que se
i ttal icen deter rn~nadas cosas, no la-s mejoiwes, no la!s m95 perfectas, no todas, no
de manera. global y ~a~ra 4iernpre, -o no de a pasos, como se construyen todas las
cusa-, deqde la farnilia hdsta los parses.

He aquf algunas de esas ideas.

I. Entrenamiento del p)ersonal

La revisi~n de to que estA ocurriendo en Los (listifltoS institutos muestra
claramente que 19 necesidad de personal calificado es seria y que va a ser mucho
xn~s seria en los pr-6%1nos aflos.

El entrenarniento de persona! puede consistir en muchos tipos de ,osas.
Puede haber cux-sos regionales abityf, b-.' a todos los parses, puede haber cursos
de ito 4-i'a que Por razones de cornudiad o de transporte, por ejemplo diggaros
de Chile-Uru u-nav-ARe~ntins, puede s'?r Chile-Perd-Colombia, tanipoco tienen
por gq'e c~e todcm, pvlwden ser los que tn~s convenga, los CUrSOS puedeD ser de
natux-al eza gener-ýfl s;i hay d!reas de debitidad o pueden seoi de temas muy e-specrti-
cos. A]Lnuri-o. de esos cursos regiona les han existido ya y existen, podrfa citar el
car-so que el Depa-rtamenito de Metalurg,-'4 de la Comisi6n realiz6 en el 62, 1.1ania-
do "~Pri mer -ur-so panameTriCano"' que Lorfl. (con becarios de nueve parses de latino

arn~1~aHay otro cut so parecido progra rn,.do para el aho 1965, quo va a comeni-
V.. W~ 15 de marzo, de una duj aci6n de 1,0 ineses. En estos cursos, tanto en el
an' e r ior como en este, corno Uds. saben se dd mucho dnf asis a dar una prepara
(-,t~r) muv qAtida en cijertos aspectos de )a metalurgia y se descuidan otros porque
no se pretande abarcar- todos.

E-;e eursc en atg'ana medida puede sen una buena chance para quo ciertos
institulo-z erwvfpn 1,ecaii~o. (Jursos qiuo ban e~xistido a nivel interno corno los cur
sos Heo ]q A.. B. M. (kAso(1eia6n Brasilera de Metales) que so corganizan anuaIlnentc
sorn ex.- >m;rrv c-ont-idos v ha dado oi igen lino (Ie ellos a la puhlicati6n del Dr.
Co-rrea Daý S) Iva qljp e ýo todos conocemos aqur, Podrfan ser una posibilidad de que
lo-z Tn41f1S)') 4O ,e pu~ie-r-in en contacto con ]a A.soeiacift Brasilera o solicitaran la

po-ih~iadde enviar t$cnicos 'v becarios a sus otirsos, que se conociora con suli
e-ipfte ant~ir'iavi~)n civindo van a seT;, quo temas, qui~nes van a venir, etc. , 3y ha-
br-I Wtas pnObibridades quo Uds. segurarnente van a exponer.
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El otro problern a en materia de entrenamiento de personal, adernds de los
cursos ae este tipo, seria el probiema de entrenamiento de investigadoreq en el

,0seiitido rn~s general de la palabra, sin rescringirlo de ninguna manera a la investi
gacion Rlamada b~sica sino a la investigaci6n inetaldrgica en los aspectos que ca-

e da pars rnecesita mds, y en ese sentido todos m~s o menos ahora tenemos una idea
de lo que est.1 ocurriendo en distintos lugares y d6nde serfla conveniente enviar
gente de un Instituto al otro por perfodos que pueden ser cortos, largos, medianobs,
de acuerdo a lo que uno de~see.

Hay un dltimo punto en esto de entrenamiento de personal, es el que se re
fiere a ezntrernaniento de t~cnicos de personal de operaci~n. Esto se va a coneti
tuir cada vez mds en el cuiLlo de botlella de las Instituciones que Ileguen a traba-
jar en estado de r4egimen. Cuando zna Instituci6n comienza a operar no se nota
demasiado la necesidad de contar con tdcnicos de operaci6n debidamente entrena
dos. Cuando la Tnstituci6n va a pasar a estado de regimen ese es uno de los cue
lbs de botella, m~s fuerte, al extremo de que estl agravado por el hecho de que
asr como 3xisten alguna centena de posibilidades de beca de los organism-os mds
raros. diversos y generales del mundo para preparar personal superior es decir
PHD o ingenieros graduados o cosas por el estilo., es muy difteil, aparentenmente,
encontrar recursos o incluso lugares para. el entrenamiento de t~enicos.

Creo que en el entrenamiento de "?technicians"?, si no se adopta una polifi-
ca desde ahora, rios va a dar dolores de cabeza dentro de 5 aflos como ya Les da,
por ejemplo, a los frsicos. En latinoamdrica se ha entrenado mucha gente en fr-
sica, so dispone de excelentes laboratorios pero en este momento hay una escasez
tan notoria de "~technicians" capacitados, que es en verdad un ejdrcito con gencra-
les y sin soldados. LLamo la atenci6n. para que no nos ocurra lo mismo a nosotros.

2. Utilizaci6n corndn, bilateral, o regional, de expertos
extra njer Os.

Reci.bimos de todos Los parses, corrientemente, metalurgistas de prestigio,
que son caros, particular me nte son caros de trasladar; una vez que han Ilegado a
la Argentina muy p000 costar1f. que hicieran una estada sn el Uruguay o una estada
en Chile o una estada en Sao Paulo, si esto se organizara con cuidado. Es decir,
de obtener un poco md~s de beneficio no solamente de la capacidad tdcnica del horn
bre, sino tarnbidn de sus experiencias, de su tradicift, etc.

Esta poll'tica, nosotros, desde la Comisi6n, la hemos seguido rnuy concien
temente particularmente con Los In~stitutos de Chile, Santiago, de Sao Paulo, que
dirige el Di. Correa da Silva, y tambidn cork el grupo de Ct~rdoba. No siempre,
pero generalmente la gente que invitamos no,-otros, tratamos de que este algunos
dfas en Sao Paulo, otroo dfls en Santiag- y otros en C6rdoba. Esto lo vamos a
2eguir haciendo, por supuesto, asr de rnanera informal, no hay porqud firmar do
cumentos para eso, bastia con escribir unas lfneas o hablar por teldfono, pero se
rfa bueno escuchar otras ideas, conocer por ejemplo quidn es la gente que va a
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venir en el afto 1965 al drea. Nosotros vamos a traer el aflo quo viefle aproxima-
damnte10 ~et1,r~i~asalgunio do roiffte ian grande como Bruce Chames

de Harvard, o Guinier, do Francia, o Dorn, de California, etc., pero serra muy
bueno tener una Lista "a priori" quo pormitiera entonces quo las dem;Is institucio
nes exprosaran su interds en una determinada persona. Creo quo esto scegIfi sim
pie de arreglar.

3. Intercamnbio de personal "1senior" die )as instituciones.

(>,eo quo debieramos oncontrar mecanismos que hicieran pos~ble que urna
perqona do nuestro laboratorin a nivel "senior" estd tros meses en u~n Listituto de
Chile, o de Colombia, o de Perd, con el objeto de realizar up. trabajo concreto.
Eso lo va a Ilevar a u~n conocimiento m~s directo de lo quo ocurre alif, particular
monte a] nivel de operaci6n.

4. Teornas concretos de invesctigaci6n cooperativa

Hahyl temas que puedan interesar a varios institutos. Yo he visto, por
ejemplo, en esta. reuni6n que es la preocupaci6n de varies Institutos, el problema
de arena de fuyndici~n. Un tema viojo, que a todos nos ha preecupado; en la Ar-
gentina so trabaj6 mucho en osto, hay una buena. experioncia pero serra muy inte
resante probablemente, que dos o tres institutes del Irea tom aran el tem-a do are
nas de fundir-16n e hicioran u~n grupo de trabajo de operaci6n conc2reto con u~n co-
ordinador, pero un coordinador en alagdn lugar que convenga. mas y se haga un es

La experiencia que estA haciendo Chile, la que so ha hecho en la Argentina,
la que so ha he~cho en el IPT, la quo estd haciendo el Uru~guay. Serfs do tanta avuda
cenocor, por ejemplo, nuestras materias primas, normalizar mdtodos, tratar do
disefiar rndtodos propios. Por ojemplo, quo el trabajo del Ing. Lo Rd tenfs una
idea central importante! u~n dilat6metro vale 15 mil d6lares. Si el Ing. Lo Rd con
su aparatito lo ha. resuelto mejor o peor quo con el dilat6metro, osto no me imper
ta tanto, I o quo importa es la inspiraci6n quo tuvo el Ing. Lo, Rd.

Es muy comdn cuainlo no se tiene experi~ncia en investigaci6n, comprar
aparatos por catAlogo y croer ademds quo Los aparatos funcionaai mas o menos so
los. Alguien me dijo una vez quo las imagon quo en Los parses subdesarroliados se
tiene do la investigaci6n, es quo ]s investigaci6n consisto en Comprar un aparato
grande con muchos botones y uno apreta Los hotones y despuds salon las respuestas.
Y si uno le une uns cemplitadora, se puede ir a su casa porque sale tabulado y Casi
impreso para la revists correspondiente.

Bueno, todo esto 't0 sa~bemos bien o simpiemonte lo cuento a tftuio de que
a] tomar temas como el do arenas do fundici6n, donde hay u~n interns muy directo,
Los encaremos con criterio original.
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Se puoden suge rir otros temas de interds tambiudn multilateral. Por e -jem_
pon .iA'J.'JL1 t%- L'...I1 -) 11'J U~o U1~ 1Z X:;I~.±UkFIUVO JCI Ovuiu uujc a pu1LJv j("La LLJaIui1Zas

de soldar, creemos que es un tema que tiene interds para muchos otros mas que
nosotros, porque es un elemento que hay que usarlo y se va a usar cada vez mAts,
dondc por otra parte, la competencia, el know-how del exterior no es demasiado
grande, digamos demasiado diferente, no estamos a distancias sideraies del cono
(imiento. En .,,I caso de electrodos aquf ha habido dos trabajos curiosamente so-
bre el inismo tema sin haber un acuerdo previo ni siquiera conocer el uno quo lo
iba a presentar el otro, que es el trabajo de Sao Paido sobre electrodos y el nues
tr( 0brcf electrodos, lo que prueba, quo hay un problema comdn; no por casuali-
dad nos hemos ocupado los dos do lo mismo.

5. Para la financiaci6n do los trabajos

Para la financiaci6n de los trabajos que queromos realizar nosotros, en
conjunto o individualmente, se disnone en los organismos internacionales general
mente, do una cierta cantidad de fondos con destino especifico, como adiestra-
miento por ejomplo. Eso es necesario y debe ser utilizado. Pero yo creo quo
habrfa quo hacer algana presi6n org-Anica sobre ciertos organ-ismos en particular.
para quo ademfts do entrenamiento dostinen fondos para financiar trabajos do in-
vestigaci6n y desarrollo.

Hay muy poca disponihilidad de lo que so llama "operating funds"?, f ondos
de operaci6n. Es muy curioso ver quo uno puede conseguir bastante dinero para
I capital funds?", pero esa es una trampa en la cual todos debidramos tener mucho
cuidado, porque hay que hacer el cAlculo de cudnto se necesiý_t do "operating funds"
para cada d6lar de "tcapital funds".

Obtener un prdstamo de un mill6n de dMares para equipos y para oxpertos,
supone un presupuesto do funcionamiento de 100 a 150. 000 dMares anuales. Do
modo que antes de caer en la tentac16n de una maquina grande o de una instalaci6n
cara, analicemos muy cuidadosamento d6nde van a ostar los "operating funds",.
porque .9i no encontramos los "operating funds" ese peso del mill6n do dMares
nos puede hundir, de esto hay ojemplos en toda Amdrica Latina de institutos con
hermosos edificios y muy hermosos aparatos vacros do toda ac-tividad porque al-
guien so olvid6 quo los aparatos funcionan con gente y que hacen falta los cabki
tos, las termocuplaq, etc.

6. E' problema do la evaluaci6n de recu rsos hu inanos en
motalurgia

El probloma do la evaluaci6n de recursos humanos en metalurgia en una p'c,3 Cc

ci6n al 70-80 de nuestras necesidades. Creo que podrfamos pedir estudios un
especificos; proyecci6n de recursos humanos y niveles de recursos hurnanos que
va a demandar no la metalurgia en general, sino nuestra actividad en metalurgip.
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tions- in order to develop a strateg-y elaborated from the study of the present
state of Process Metallurgy in developed countries, the programs being held in4
Latin America and the InstitLtions' own needs.
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