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CONSTITUICAO E DIAGRAMAS DE FASES

Carga horéria: 60 horas

Conteudo:

1 - Introducéao

2 - Sistemas unarios

3 - Sistemas binarios isomorfos

4 - Sistemas binarios eutéticos

5 - Sistemas binarios eutetoides

6 - Sistemas binarios monotéticos

7 - Transformacdes congruentes

8 - Sistemas binarios peritéticos

9 - Sistemas binarios peritetoides

10 - Sistemas binarios sintéticos

11 - Diagramas de fases binarios complexos

12 - Sistemas ternarios isomorfos

13 - Equilibrio ternario de trés fases

14 - Equilibrio ternéario de quatro fases, Classe |

15 - Equilibrio ternario de quatro fases, Classe Il

16 - Equilibrio ternario de quatro fases, Classe Il

17 - Transformacdes congruentes em sistemas ternarios

18 - Sistemas ternarios complexos



DIAGRAMA

Diagramas de Fases

Variaveis termodinamicas
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REGRA DAS FASES

’b

Pressure

Temperature

P+F=C+2 (F=m-n)

Temperature

P numero de fases em equilibrio (restrigses)
F grau de liberdade
C numero de componentes (+2 = variaveis independentes)

P+F=C+1(P=const.)

A Composition B

Fic. 3-5



COMPONENTE (# ELEMENTOQO?)

HZO S gés

Ho 1 liquido

H, + 0,

O H H, HO O
2H202 2 M 2

H O,

=H.,0 H,0

baixa T alta T
2 elementos 2 elementos
3 componentes 2 componentes
H,+0O, = H,0O
Ag-Cu li('();)_ T T T T T T T T T ]
1520 | -
£1084.87°C !‘”0 B i
1440 Solid + Liquid i
LRAS
1360 | Melilite B
solid solutions
30 I w
1 1 1 1 ! i 1 i 1

20 40 60 80

Ca, Al SiO Ca,FeSiAlO.
2B Ve 2 7
Gehlenite Mol.%
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B Cu R. W. Nurse and H. G. Midgley, J. Iron Steel Inst.
(London), 174, 124 (1953).




Fase

e qualquer porcao homogénea de um
sistema.

Diferentes porcoes homogéneas a
mesma temperatura, pressao e
COmMpOosiCao como gotas ou graos, sao
consideradas como a mesma fase.

Componente

0 nUmero de componentes de um
sistema € 0 menor nimero de variaveis
constituintes independentes atraves
das quais a composicao de cada fase
envolvida no equilibrio pode ser
expressa.



2 - SISTEMAS UNARIOS
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Fiag. 2-4. Estimated pressure-temperature diagram of iron.



2.1 - Equilibrio Invariante (F = 0)

Regra das fases

Geral:

F=0 e C=1
P+0=1+2
P=3

Pressure

a regra das fases ndo esta relacionada com as
quantidades das fases presentes ou com suas
propriedades, mas somente com o numero de fases
presentes no equilibrio e com suas composicoes,
temperatura e pressao.



2.2 - Equilibrio Univariante (F = 1)

fuso o, pevaporacao
Regra das fases
Solid
F=1 e C=1 %sublima(}éo p
P+1=1+2 ) ’
P — 2 Temperature

Formas das curvas

Le Chatelier (qualitativo)
Quando uma acao € exercida sobre o sistema, este
varia de forma a anular os efeitos desta acao.

Clausius-Clapeyron (quantitativo)
dP _ AH,

dT TAV,

Equilibrio univariante metaestavel

Exemplo: subresfriamento do equilibrio L+G

A extensdo de uma curva de equilibrio bifasico
para alem do equilibrio trifasico que a limita

ocorre para dentro do campo de estabilidade da
terceira fase nao presente no equilibrio bifasico.



TABLE 12-1. VAPOR PRESSURE OF THE ELEMENTS*
(Temperature in degrees Kelvin for various partial pressures in atmospheres)
Species 10~¢atm | 1075 atm | 1074 atm | 1072 atm | 1072 atm 1 atm
A 87.3Q1)
Ag 1200(s) 1305 1442 1607 1816 2485
Al 1290(1) 1405 1545 1725 1940 2600
Asy 477(s) 517 563 622 708 895
At | ... 270(s) 320 350 390 500
Au 1570(1) 1720 1896 2112 2388 3239
B 1500(s) 1600 1750 1900 2150 2800(1)
Ba 810(s) 890 985(1) 1116 1293 1911
Be 1390(s) 1505 1655(1) 1830 2070 2780
Bi 873(1) 960 1060 1190 1360 1900
Br. 173(s) 186 203 222 245 331Q)
C 2720(s) 2920 3170 3450 3800 4775
Ca 790(s) 867 961 1075 1231Q1) 1755
Cb 2820(1) 3050 3340 3700 4120 5400
Cd 485(s) 530 585(1) 657 744 1038
Ce 1450(1) 550 1700 1850 2100 2800
Cl, 114(s) 123 139 153 169 239(1)
Co 1750(s) 1900Q1) 2100 2300 2600 3370
Cr 1350(s) 1465 1600 1755 1960 2495(1)
Cs 383(1) 425 476 544 634 963
Cu 1400(1) 530 1685 1875 2117 2868
O o 58(1) 85
Fr87) | ...... | ...... 4901)  ...... | ...... 950
Fe 1550(s) 1680 1837(1) 2033 2277 3008
Ga 1225(1) 1350 1500 1690 1920 2700
Ge 1370(1) 1500 1670 1880 2150 2980
7 e e I . 20.39()
He | ... | o000 caaaas b o 4.22(1)
Hf 2850(1) 3100 3350 3750 5500
Hg 287(1) 316 351 394 634
1. 241(s) 260 282 308 456(1)
In 1100Q1) 210 1350 1510 1730 2440
Ir 2580(s) 2800(1) 3040 3350 3700 4800
K 429(1) 475 534 605 702 1052
2 o . 119.9Q)
La 1500(1) 1650 1800 2000 2250 3000
Li 705(1) 775 865 980 1130 1640
Mg 653(s) 715 789 881 1000(1) 1399
Mn 1140(s) 1240 1360 1570Q) 1750 2370
Mo 2530(s) 2740 3000(1) 3330 3750 5077
D o P 77.4Q1)
Na 510(1) 558 623 705 813 1187
Zw .............................. 27.3Q)
Ni 1630(s) 1765() 1930 2130 2380 3110

TaBLE 12-1. VaPOR PRESSURE OF THE ELEMENTS.*—(Continued)
Species 10~¢ atm | 10~ atm | 10~*atm | 10~*atm | 1072 atm 1 atm
0, | ... R Soonoa | aaenaa | Seco0s 90.2(1)
Os 2700(s) 2900 3160(1) 3470 3850 4900

Py(yellow) 244(s) 268 296 334Q) 382 553
Pa 2250(1) 2450 2700 2950 3300 4500
Pb 887(1) 975 1088 1226 1408 2010
Pd 1660(s) 1800 2000(1) 2240 2530 3440
Po. | ...... 660(s) 750 835(1) 945 1300
Pt 2160(1) 2340 2550 2820 3140 4100
Ra 650(s) 700 770 850 965 1410(Q1)
Rb 403(1) 445 496 561 650 952
Re 2900(s) 3150 3450(1) 3850 4300 5800
Rh 2200(s) 2400Q1) 2600 2850 3200 4150
Rn | ..ooeo | el R | I | ey 211Q)
Ru 2480(s) 2670 2900() 3180 3500 4500
P T 500()
Sb, 860(s) 940(1) 1025 1160 1340 1890
Se. 1540(s) 1680(1) 1850 2050 2300 3000
Se: 525(1) 568 620 679 755 1000
(2 atm Se¢ and 10~ atm Se at 1000°K)
Si 1480(s) 1600 1740Q) 1920 2140 2750
Sn 1300(1) 1450 1600 1850 2150 3000
Sr 740(s) 810 900 1010 1150Q) 1657
Ta 3300Q1) 3600 3900 4300 4800 6300
Tec(43) 2550(1) 2750 3000 3300 3700 5000
Te. 655(s) 700 758(1) 825 907 1130
Th 2250(1) 2450 2700 2950 3300 500
Ti 1640(s) 1800 1990 2210(1) 2500 3400
Tl 795(1) 870 965 1082 1235 1730
U 2000(1) 2150 2350 2580 2900 3800
v 1970Q) 2140 2340 2550 2900 3800
w 3230(s) 3490 3780(1) 4150 4625 5950
D, G P (A P [P S| I 165.1Q1)
Y 1750(s) 1900(1) 2100 2300 2700 500
Zn 560(s) 610 672 750(1) 852 1180
Zr 2070(s) 2250 2450(1) 2700 3000 3850

* Taken from Leo Brewer, Report for the Manhattan Project, MDDC-438C, 1946.



2.3 - Equilibrio Bivariante (F = 2)

Regra das fases
F=2 e C=1
P+2=1+2
P=1

Pressure

2.4 - Interpretacdo de diagramas unarios

' b

Pressure—-

Temperature

Temperature —

M etal AS Ba Ca Cu Fe

T (°C) 814 704 850 1083 1535

P(am) 36 1.10° 1.10* 8.107 5.10° 1.107

Metal Mn Hg Ni Pt Ag

T (°C) 1240 -38,87 1455 1773 960

P (atm) 1.10° 1.10° 1.10* 1.10° 1.10* 5.107°




2.5 - Alotropia
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Fig. 3.5 The iron T-P equilibrium phase diagram.
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3 - SISTEMAS BINARIOS ISOMORFOS
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Fig. 4.1 Schemalic temperature-pressure-composi-
tion diagram for a simple two-component system at low
pressures.

Os dois componentes sdo mutuamente solGveis

em todas as proporcoes e em todos os estados.

P solucéo liquida
0
3
§ .
~ - soluc;aq sol_lda:
e substitucional
A Composition B

F1c. 3-5



3.1 - O diagrama de fases

. Atomic Percentage Copper
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Fig. 1-1. The nickel-copper phase diagram.

Escalas de Temperatura:
 Celsius ou Kelvin (mais comuns)

Conversao entre escalas de Composicao:
 percentagem em peso para percentagem atbmica

ALY6X = (Wt.% X))/ (peso at. X)
T (W96 X) (peso . X)+(wE9%Y)) (pesoat. V)

* percentagem atémica para percentagem em peso

(at.%X) (peso at. X)

Wt.%X = (at.%X) (pesoat. X)+(at.%Y) (pesoat. Y)




3.2 - Aplicacao da regra das fases

P+F=C+1
(presséo constante)

Temperature

A Composition B

- equilibrio invariante: Fic. 3-5

F=0; C=2; P=3
(ndo existente pois s existem duas fases neste
sistema em equilibrio na pressdo do diagrama)

- equilibrio univariante:
F=1, C=2; P=2
(dado pela regido hachurada L+a.)

- equilibrio bivariante:
F=2, C=2; P=1
(dados pelas regides marcadas como o, e L)

¥
~ &
v 9

Temperature
Temperature

A Composition —B /
F1c. 3-3




3.3 - A regra da alavanca

.T

Temperature

A Yy X Z =5
Fig. 3-6

Uma liga de composicao global X apresenta na temperatura T,
duas fases em equilibrio (o e L), cujas composicdes sdo dadas
pelos pontos de intersecdo do conodio com as curvas solidus e
liquidus, o, e L, respectivamente. As quantidades das fases
presentes neste equilibrio sdo determinadas com o auxilio da

Regra da Alavanca.

quantidade de a: le1

Yoor | = x 100

ol

quantidade de L,: o Xy




3.4 - Solidificacdo em equilibrio
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3.

Temperature

5 - Solidificacao fora de equilibrio

] 1

YQICIY i e

Sistema Cu-Ni
(70wt.%Ni+30wt.%Cu)



3.6 - Minimos e maximos

Temperature
Temperature

Fre. 3-13 Fie. 3-15




3.7 - Exemplos
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Fig. 1-1. The nickel-copper phase diagram.
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(London), 174, 124 (1953).



4 - SISTEMAS EUTETICOS BINARIOS

Temperature—~

Pressure —

eutectic reaction isotherm
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4.1 - Aplicacao da regra das fases

P+F=C+1
(pressao constante)

Temperature—

- equilibrio invariante: A Composition B
F=0, C=2, P=3 Fic. 41
(dado pela linha eutética “a-e-b”)

- equilibrio univariante:
F=1, C=2; P=2
(regides L+a, L+ e a+p)

- equilibrio bivariante:
F=2, C=2; P=1
(regides marcadas como o, B e L)

4.2 - Regra dos limites de regides de equilibrio

Qualquer regiao de P fases em equilibrio
sO pode ser limitada por regides de P &1
fases.



4.3 - Liga de composicao eutetica
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Fia. 4-1

No resfriamento de uma liga de composicao eutética atraves da
temperatura eutética ocorre a decomposic¢ao do liguido L em
duas fases sélidas a e B. No aquecimento, as fases o e 3
reagem para formar o liquido de composic¢éo dada pelo ponto
eutetico. Estas transformac6es Sao expressas por

Temperature—~

resfrlamento

aqueumento B

As quantidades relativas das fases a e 3, a um infinitésimo de
temperatura abaixo da temperatura eutética sdo dadas por

eb
%a=£x100 %,6’=—><100
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Fig. 4-5. Phase diagrams of some typical eutectic-type systems.
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F1Gg. 4-6. Typical microstructures of some cast eutectic alloys: (A4) Al-Si 11.69%,
magnification 500; (B) Ag-Cu 28.59%, magnification 2,000; (C) Pb-Bi 56.59%, magnifi-
cation 100; and (D) Al-Sn 99.5%, magnification 650. See also Fig. 4-5.
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4.4 - Ligas hipoeutéticas e hipereutética

Al-Si

Temperature °c
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Fic. 4-10. Hypereutectic Al-Si 14% alloy. Sketch A shows the location of primary 8
and the eutectic liquid; photograph B shows the final cast microstructure. Magnifi-
cation 100.




4.5 - Solucoes solidas terminais

Ag-Cu

Atomic Percent Copper
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Fi1a. 4-12. Sterling silver (7.5% Cu)
as cast. Light areas, shading from
white to light gray, are cored den-
drite areas, silver-rich at their cen-
ters; dark areas are divorced eutec-
tic. Magnification 100,

X v SRS
F1G. 4-13. Same as Fig. 4-12, homog-
enized by heat treatment just be-
low the eutectic temperature and
quenched to room temperature; only
the silver-rich solid solution is present
in this structure. Magnification 100.

F1g. 4-14. Same as Fig. 4-13, but
slowly cooled from the homogenizing
temperature. Parallel platelets of
copper-rich solid solution have
formed upon certain crystallographic
planes of the parent silver-rich solid
solution, producing a Widman-
stitten structure. Magnification
1,000.



4.6 - Exemplos de microestruturas eutéticas
Al-Si

Atomic Percent Silicon
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Atomic Percent Copper

30 40 50 60 70 80 90 10

T T T 1 T T I 1084.87

3

LS RASARARS

.
>
=
%, S
Lelee °
Prrid

2

csesmanssnn
AAARRARRRARRRR ARRS

Temperature °

T

€1

T

A
| e
SARaasansy

T T U . T T

40 50 60 70 80 90
Weight Percent Copper

08
c

400 (A1) )

300

=
———

Lower magnification view of a CuAl;-Al
lamellor eutectic in o casting that was so-

. f * Colony structure of a CuAl-Al lamellar
Fig‘ ‘ 7 Inrerfoces‘behueen phases in a I'G‘VGI'S:FE- Flg' 10 m.rlecfrr. in a casting that wasrnot unidirec- Flg. 11
matrix, aluminum-copper eutectic alloy. tionally solidiﬁeti, Secnon shows the honeycomb pat- lidified unidirectionally showing difficulty of identifying
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Ag-Cu
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4.7 - Solidificacao unidirecional com euteticos

| T
T
l
l L
L + « '
L+B

« —le— Y Y Y Y Y
|
|
+ Bla|Bla]B

w ~ 3
f
A C. B
—_—
%B

Fig.

composition (C,)

® i

v R )

® 2 3)):
== :

)"

Direction of
lamellar growth

Fig. 6.13

Liquid

2

1 Phase diagram for a eutectic system showing the eutectic invariant point at temperature (T.) and

2 Lamellar eutectic structures. Fig. 4:
Ficj. 8, 5 (ing of NisAl-Ni;Nb solidified unidi.
re :tionally (left to right). Fig. 5: Same casting as Fig. 4,
but a section taken normal to the direction of solidifica-
tion, showing alternate lamellae of NisAl and Ni;Nb.
Both etched in 5 parts HCI, 1 part HNO3, 6 parts glyc-
erol. 1000 <

Lamellar growth in eulectic solidificalion.



Fi 7 Scanning electron micrograph of fibrous eu-
9. tectic unidirectionally solidified vertically.
Section shows exposed tantalum carbide particles in
a superalloy nickel matrix. Etchant not identified.
40000 . (M. Henry)

100 pm

Fi 8 Colony structure of rod eutectic that was so-
G+ O |iified unidirectionally (right to left). Section
parallel to direction of growth shows fanlike arrange-
ment of niobium carbide rods (dark) in nickel matrix
(light) resulting from curved liquid-solid interface.
Murakami's reagent. 30 <

Fi 9 Colony structure of a lamellar eutectic that
G- ¥ was solidified unidirectionally. Section faken
normal to the direction of solidification showing the
honeycomb pattern of the colonies, which were formed
when constitutional undercooling caused the freezing
face to be cellular in shape, rather than essentially
planar. Dark and light layers in each colony are MgaAl;
ph and aluminum, respectively. Etchant not identi-
fied. 200 <

30.005°0

Fi 26 Transverse section through parallel rods in

9. a unidirectionally solidified Mg-32Al eu-
tectic alloy. Growth rate was 1.5 X 1072 mm/s (6 X
10-4 in./s). Temperature gradient was 3.7 °C/mm

(1.7 °F/10"%in.). Etchant and magnification not re-

ported. (Ref 17)

Fia. 31 Lamellae in o unidirectionally solidified
g. aluminum-copper eutectic alloy. Etchant
and magnification not reported. (Ref 1)

Fi 11 Lower magnification view of a CuAl;-Al
9. lamellar eutectic in a casting that was so-
lidified unidirectionally showing difficulty of identifying
the grain structure of this eutectic. The two “‘grains’ at
right (lamellae at about 40° to one another) merge into
one “'grain’’ at left. As-polished. 180 <



4.8 - Casos limites de eutéticos

Ag-Si
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Temperature °c
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4.9 - Exercicios

1 - Em um sistema A-B as composic¢des das trés fases em
equilibrio na temperatura de transformacao eutética sao:
o = 15%B; L = 75%B e 3 = 95%B.
Assumindo a solidificacdo em equilibrio de uma liga
composta de iguais partes de A e B a uma temperatura
infinitesimalmente abaixo daquela do eutético, calcule:
a) as percentagens de o primario e de eutético a. + f3,
b) as percentagens de o total e (3 total.

2 - Desenhe um diagrama eutético para o seguinte caso:
- A funde a 1000°C, B funde a 700°C;
- uma liga de composic¢ao 25%B solidifica completamente
imediatamente abaixo de 500°C e em equilibrio € composta
de 73,33% de o primaria e 26,67% de eutetico o + 3;
- uma liga contendo 50%B a mesma temperatura é composta
de 40% de o primaéria e 60% de eutético a + B, o total de o
nesta ultima liga sendo 50%.



5 - SISTEMAS EUTETOIDES BINARIOS

~——
T~ —
~—
—

—
—
—
e~

—
T —— =~
e —— ~—
o~

EFEutectoid
Point
Yo

Temperature
Q

a
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Fic. 5-1

resfriamento

- “ o+ f3
y aguecimento a

912 °C (1674 °F)

v-Fe
(Austenite)

o-Fe + vy
(ferrite plus
austenite)

(austenite plus

\ cementite)

J\
A,, 727 °C (1341 °F) —*

\ a-Fe + FesC FesC

a-Fe (ferrite plus (cementite), —»

(ferrite) cementite) 6'6903(:

Carbon, %6

Temperature

o — 0.0218% C

2 Eutectoid region of the Fe-Fe3C phase dia-
gram

Fig.



5.1 - Aplicacao da regra das fases
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Eutectoid

QD
L
=
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Qk) o Pgmf
Q. a
E Eutectoid Reaction Isotherm
A >
3 =3
S aQ-+pg
A Composition B
Fia. 5-1
P+F=C+1

(pressao constante)

- equilibrio invariante:
F=0; C=2; P=3
(dado pela linha eutetdide “a-e-b™)

- equilibrio univariante:
F=1, C=2; P=2
(regides y+a, y+p e a+p)

- equilibrio bivariante:
F=2; C=2;, P=1
(regiGes marcadas como a, B e y)




5.2 - Liga de composicao eutetdide
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No resfriamento de uma liga de composicao eutetoide atraves da
temperatura eutetoide ocorre a decomposicao da fase soliday em
duas outras fases solidas o e . No aquecimento, as fases a. e 8
reagem para formar a fase y de composic¢ao dada pelo ponto
eutetoide. Estas transformacdes sdo expressas por

resfriamento

- “ o+ f3
y aguecimento a

As quantidades relativas das fases a e 3, a um infinitésimo de
temperatura abaixo da temperatura eutetéide sdo dadas por

eb ae
%o =—x1 %HF =—x1
o abx 00 0f3 abx 00
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5.3 - Ligas hipoeutetoides e hipereutetoides

%
912 °C (1674 °F)
v-Fe
(Austenite)
e Acm
e}
£ N
8 oa-Fe + v
= (ferrite plus 0.77% C
=2 austenite) v-Fe + FezC
(austenite plus
0.0218% C cementite)
o
¢
A,, 727 °C (1341 °F) —*
\F a-Fe + FesC Fe3C_
S ) (ferrite plus (ceme:tlte),
(ferrite cementite) 6.69 ‘/; C
Carbon, °6
- i i f the Fe-FesC hase dia-

F.g. 2 Eutectoid region o 3 P

gram

dark
Mag-

A' \
A“" m ‘

»

Lo
\\‘ “r

‘ .N},' i

(A) Hypoeutectoid steel, 0.39, C.
Magnification 500. (B) Eutectoid

Light areas are proeutectoid ferrite ()

areas are the pearlitic eutectoid constituent
(ax + FezC).

(FeszC), light gray, outline the grains of pearl-
itic eutectoid constituent (e + Fes;C).

Magnification 500. (C) Hypereutectoid steel,
1.29, C. Thin bands of proeutectoid cementite
nification 500.

steel, 0.89; carbon, typical pearlite (e + FesC".

Fic. 5-3.



Temperature in °C

T

% 7

Termperature

912 °C (1674 °F)

v-Fe
(Austenite)

e

=]

©

= a-Fe + vy

OE, (ferrite plus

= austenite) v-Fe + FesC

(austenite plus
0.0218% cementite)
/ o C ¢

A,, 727 °C (1341 °F) —H

\ o-Fe + FesC Fe3C'
fa-Ee ) (ferrite plus (ceme?tlte),—b-
(ferrite cementite) 6.69/‘;\ C
Carbon, %

2 Eutectoid region of the Fe-Fe;C phase dia-

Fig.

gram
Austenite
7ool- //
600
Eutectoid Steel
0.80 Percent Carbon
400}
300}
200} el Tl
100
Mf
ok
1 1

1 1 1
. lop 1000 10 000 100 D00
Time in Seconds

Fia: 5-6. Typical time-temperature-transformation (TTT) curve.

1 10

Fia. 5-13. Eutectoid steel in which the
FeszC has been spheroidized by long
heating at a temperature slightly
below that of the eutectoid equilib-
rium ; compare with Fig. 5-5A4. Magni-
fication 1,500.

variation in
pearlite lamella spacing with temper-
ature of formation: (A) formed at the

Fig. 5-5. Illustrates the

highest temperature, (B) formed at
an intermediate temperature, and (C)
formed at the lowest temperature
Magnification 1,500.



EXERCICIOS

Pb-Sn
Atomic Percent Tin
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*

Para uma liga com 40%Sn-60%Pb a 150°C,

a) Qual(quais) fase(s) esta(ao) presente(s) neste equilibrio e qual o
grau de liberdade do sistema nestas condig6es?

b) Quais as quantidades relativas de o e 3 em peso e volume,
considerando as densidades de a=11,2g/cm? e f=7,3g/cm?3?

c) Com o aquecimento em equilibrio desta liga, em qual temperatura
aparecem 0s primeiros sinais da fase liquida? Qual a composicéo
deste liguido? em qual temperatura ocorre a fusao total da liga? qual
a composic¢ao do ultimo solido presente antes da fuséo total da liga?

Uma amostra de 1,5kg de uma liga contendo 90%Pb-10%Sn é
aguecida a 250°C, sendo nesta temperatura composta inteiramente
de solucdo solida a.. A liga deve ser levada a um estado tal que seja
composta de 50% em peso de fase liquida e o restante de a. Isto
pode ser conseguido tanto pelo aquecimento da liga dada quanto
pela variacdo de composicdo a temperatura constante. Para isso,
pergunta-se:

a) A qual temperatura deve-se aguecer a amostra?

b) Quanto Sn deve ser adicionado aos 1,5kg da liga a 250°C?
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Calcule as fragbes méssicas de ferrita e cementita na perlita.

Qual a composicao de carbono de uma liga ferro-carbono para a qual
a fracdo de ferrita total a 726°C € 0,94.

Geralmente, as propriedades de ligas multifasicas podem ser
aproximadas pela relagao

E(liga) = E,V, + EyV,
onde E representa uma propriedade especifica (dureza, médulo de
elasticidade, etc.), e V é a fracdo volumétrica. Os indices a e 3
designam as fases ou microconstituintes existentes. Empregue a
relacdo acima para determinar a dureza Brinell aproximada de uma
liga contendo 99,8wt%Fe-0,2wt%C. Assumir os valores de dureza
Brinell da ferrita e perlita como sendo 80 e 280 HB respectivamente,
e a densidade da ferrita p=7,88g/cm? e da cementita p=7,6g/cm?.

Para uma liga com 99,65%Fe-0,35%C a uma temperatura
imediatamente abaixo da temperatura de transformacéo eutetdide,
determine:

a) as fracOes de cementita e ferrita total,

b) as fracOes de ferrita primaria e perlita,

c) a fracdo de ferrita eutetdide.
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* Quais as fases, suas composicoes e fracdes massicas que estdo em
equilibrio a 1300°C em uma liga contendo iguais partes em peso de

Cu e Ni? Com o0 aguecimento em

equilibrio desta liga, de 1000°C a

1600°C, em qual temperatura aparecem 0s primeiros sinais da fase
liquida? Qual a composicéo deste liquido? em qual temperatura
ocorre a fuséo total da liga? qual a composicdo do ultimo sélido
presente antes da fusao total da liga?

Deseja-se produzir uma liga cobre-niquel que tenha um minimo de
resisténcia a tracdo (sem deformacéo a frio) de 380MPa (55000psi) e
uma ductilidade de no minimo 45%EL. E possivel produzir tal liga?

Se sim, qual deve ser sua compos

iIcAo? Se ndo, explique o motivo.



Temperature °C

Atomic Percent Tin

50 60 70 80 90 100

""""" I"'“""!""""'l""'”"l""'""I"”"'"I"""""I‘"I"""I‘l"'""I‘I"T‘l""':
568.8

59 415°C v
i1 32.55

300 n 3
60.9 E2vac  231.9681°C

2004 43 189°C 603 186°C 99.3F
e , :
4 - (Sn)—=

100 vvvvvvvv [rYrTYY oY FrryrroTT [Ty Frryyr T [EALELMAEA AL LS B I B SLEL AL AL BLAL R LR B R [rrrrrT o | RERARREEE
0 10 20 30 40 50 60 70 80 90 100
Cu - Weight Percent Tin Sn

* No diagrama Cu-Sn acima estdo indicadas somente as regifes
monofasicas. ldentifique todas as regides bifasicas e relacione
separadamente as transformacdes trifasicas indicando a reacdo que
ocorre no resfriamento.

Quiais as fases e fragdes massicas presentes a 1000, 800, 600, 355 e
200°C em uma liga contendo 20wt%Sn?



6A - SISTEMAS MONOTETICOS BINARIOS
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6.1 - Ligas de composi¢cOes monotética, hipo
e hipermonoteética
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F16. 6-5. Hypomonotectic Cu + 5%
Pb alloy, as cast. Light areas are
primary and monotectic Cu; dark
areas are Pb which existed as L
at the monotectic temperature. Mag-
nification 100.

FiGg. 6-4. Microstructure of cast
monotectic alloy Cu + 369% Pb.
Light areas are the Cu-rich matrix
of the monotectic constituent; dark
areas are the Pb-rich portion, which
existed as L1 at the monotectic
temperature. Magnification 100.

B

F1G. 6-6. Microstructure at the inter-
face between the two layers in a
Cu + 50% Pb hypermonotectic alloy.
Upper layer is the product of the
monotectic decomposition of L1 (36%
Pb); lower layer contains light par-
ticles of Cu, precipitated during the
cooling of Li; from the monotectic
temperature down to that of the
eutectic, embedded in the dark
Pb-rich Pb-Cu eutectic constituent.
Magnification 100.
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Atomic Percent Bismuth

0 5 10 20 30 40 50 60 80100
i 1 1 | 1 1 ] | | ] | S
] TTTYTTTYY | I TrrrrryTTT frrrrTTTTy TrrrrTTeTT prorrTTerT TrYyrYTrYTTY TrYrTYreTT TrrrrTTTTy T T
1000 -] I 655%, 1037°C i
800 -] L
O 1660.452 !
o) ] i
) ] !
;. ] L
et i ~657°C [
= 34 9786\ |
g, 600 L
T [
& i
400 i
] o i
] ~270°C 271.442°C
k . (Al) (Bi) =
200 ~rrrr T e T T e s N e T e
0 10 20 30 40 50 60 70 80 90 100
Al Weight Percent Bismuth Bi
Atomic Percent Lead
0 2 5 10 20 30 40 50 60 80100
1800 4+ b e e A e e T e e T .
] 86.2%, 1566°C s
1600 -
1400 2
O E i
2 1200 e
Q 3 r
St ] s
jo] ] 3
‘S 1000 2
¥ 1660.452°C E
Q ] [
ol :
o : :
& 1 9
o 8001 :
F p
O
] 659 C
1 99.7F
600 |4 -
400 3
327°%C 89.24} 357 502°C
le—(Al) (Pb)—=
200 e e T [T T e T e T e
0 10 20 30 40 50 60 70 80 90 100
Al Weight Percent Lead Pb



6.B - SISTEMAS MONOTETOIDES BINARIOS

resfriamento

sat P

a | a‘quecimento

Atomic Percent Vanadium

0 IIO 2]0 3[0 4IO 5[0 610 710 8[0 9‘0 100
] T T T T T T T T

(BTi,V)

Temperature °C

T ™
0 10 20 30 40 50 60 70 80 90 100
Ti Weight Percent Vanadium \4

Atomic Perceht Niobium

0 10 20 30 40 50 60 70 80 90 100
2600 i T T e v 1 : ! !

£ 2477°C

2400 3
2200
20003

1855°C]
1800 —\ 1743°C 3

22

1600

1400—5 (EZr,Nb) ‘

Temperature °C

10003 977°C E
E 50.2 ]

]
S®

i LG,
T

620°C :
0.7 19 922 3

-l

10 20 30 2 50 60 70 80 90 100
Weight Percent Niobium Nb

N
..,



Temperature —>

6.C - SISTEMAS METATETICOS (catatéticos)
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Atomic Percent Gadolinium
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7 - TRANSFORMACOES CONGRUENTES

Uma mudanca de fases € denominada congruente quando
uma fase se transforma diretamente em outra fase sem
que ocorra qualquer alteracdo na composicao durante esta

transformacao.
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8 - SISTEMAS PERITETICOS BINARIOS




Fig. 1
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cascade between high- and low-melting components.
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Typical peritectic phase diagrams. (a) Peritectic reaction & + liquid — f and peritectoid reaction o +
B - 7. (b) Peritectic formation of intermetallic phases from a high-melting intermetallic. (c) Peritectic
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8.1 - Resfriamento em equilibrio
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8.2 - Resfriamento fora de equilibrio
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Fig. 2 Mechanisms of peritectic reaction and transformation. (a) Lateral growth of a S layer along the a/liquid
9 interface during peritectic reaction by liquid diffusion. (b) Thickening of a 8 layer by solid-state diffusion
during peritectic transformation. The solid arrows indicate growth direction of f3; dashed arrows, the diffusion of

the atomic species. (Ref 11)



Atomic Percent Tin
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Fi g 9 Start of the peritectic transformation in the

. same directionally solidified Cu-20Sn alloy
shown in Fig. 7, but at higher magnification. Note the
homogeneous thickness of the 8 layers (gray) around
the primary a (white). The matrix (dark) is a mixture of
tin-rich phases. Mechanically polished, etched in
HNO;. 160X, (Ref 6)

F1a. 8-4. Schematic representation of
primary o« undergoing peritectic reac-
tion with liquid L to form an envelope
of 8. The reaction progresses by the
diffusion of A atoms outward and B
atoms inward through the shell of 8.



Atomic Percent Cadmium
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Fi 15 Microstructure of a Cd-10Cu alloy that
g- was cooled to 410 °C (770 °F) and held
20 h, then cooled to 305 °C (580 °F) and held 160
min (peritectic temperature: 397 °C, or 747 °F). Note
the faceted coarse crystals of the peritectically formed
CuCd; envelopes (gray). The primary CusCds crystals
are white; the dark matrix is cadmium. Mechanically
polished, etched in HNO3;. 100 <

s Same as Fig. 15, except alloy was cooled
Fig. 16 10 5C 1770 °F) and held 20 h, then
cooled to 275 °C (525 °F) and held 160 min (peritectic
temperature: 397 °C, or 747 °F; eutectic temperature:
314 °C, or 597 °F). Note large number of grain
boundaries in the peritectic CuCd; phase (gray) and its
smooth interfaces with the primary CusCdg crystals
(white) and the matrix Cd (dark). 100 <
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Fig 18 Peritectic envelope in a Bi-40Au alloy that
q was cooled to 450 °C (840 °F) and held
5 h, then cooled to 300 °C (570 °F) and held 2 h
(peritectic temperature: 373 °C, or 703 °F). The mor-
phology is entirely determined by the anisotropy of the
interfacial energy of the face-centered cubic Au;Bi crys-
tals (gray). The primary crystals are gold (white); the
matrix is the Au;Bi-Bi eutectic. Mechanically polished,
contrasted by reactively sputtered interference layer.
200 %
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020 4050 60 70 80 85 90 100
1700 -+ N N N SR N S e -
3 1620°C
1600 S -
E Vg ~ 3
§ .’ \\\ E
1500 ’ N 3
3 ,l AN F
; II \\\ é
14004 / . -
1 1350°C A :
ER. 43 3
13004 / 3
&) i F
[+ 3 " F
o 12004/ 2
= it g
- 11 E
S 1135°C] ° g
© 1100—:“07 11057 =
- i E
3 3
= 1000 | 2
3 S 2 ! 3
K =00 2| = : :
900 2l R ! 3
5 :
o] e = f—
O ] E
O (60) 731°C : :
Fe— . 1 : E

3 e 46°C ! £660.452°C
] © o
5003 () E : 841°C : 86.8 t
| +| Ug.9Al4(a) ' (Al)—’
500 F—rrrrr R T R B e R R s e T L MMIMRUMMMMIMMMMPPMMMMMMUM
0 10 20 30 40 50 60 70 80 90 100

U Weight Percent Aluminum Al

Fi 3 Primary UAl; (gray) partially surrounded by
9. 9 Leritectically formed UA, (dark) in an Al-6U
alloy that was cooled slowly from above liquidus to
760 °C (1400 °F) and held 10 min, then cooled to 670
°C (1240 °F) and held 15 min (peritectic temperature:
732 °C, or 1350 °F). The matrix is aluminum (white)
with UAIl, (dark) eutectic. This UAl; + Al — UAI, reac-
tion leads to unfavorable rolling behavior. Electrolyti-
cally polished, etched in 50% HNO,. 700X
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Atomic Pefcent Chromium
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Atomic Percent Molybdenum
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Temperature °C

Atomic Percent Zinc
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10 - SISTEMAS SINTETICOS BINARIOS
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Fig. 7.8 Two diagrams containing the syntectic tnvariant reaction.
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