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INTERGRANULAR czce
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* O micromecanismo de fratura intergranular se refere a
propagacao da trinca ao longo de contornos de grao;

* Facetas dos contornos das superficies de graos
individuais;

* Restricao do movimento das linhas de discordancia pelo
contorno de grao enfraquecido por precipitacao;

 Empilhamento de discordancias gerando a microtrinca
(Clarence Zener -“The Micro-mechanism of Fracure” - em

Fracturing of Metals, American Society for Metals, Metals

Park, Ohio, 1948).
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CLARENCE ZENER

Barrier

A trinca é
nucleada
quando g
satisfaz a
relacdao abaixo

7; Is the lattice friction stress
in the slip plane.

shear stress 7, created by
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Dislocation pile-up
forming micocrack

Exy

o T h T \/ Al—v*

Supondo d infinito, T
tende a zero e T ¢ € igual ao
limite de  escoamento:
fratura transgranular (ex:

dimples). N&o ocorre a

intergranular.

Existem outros modelos,
que foram sendo
desenvolvidos pela

observacio em MET. Para
ligas multifasicas, o caso é
mais complexo que os
modelos.

iIncluded the effect of the grain size d
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PILE UP EM TRINCA INTERGRANULAR (LATAO ALFA)
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Mag= 120X Detector = SE1
EHT = 20.00 kv Date :31 Mar 2008
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Mag= 540X ' Detector = SE1
EHT = 20.00 kV Date :7 Apr 2008




TRINCAS SECUNDARIAS

Mag= 241 KX
EHT = 20.00 kV

Detector = SE1

Date :3 Apr 2008
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CLIVAGEM/QUASE-CLIVAGEM : et

* Ocorre ao longo de planos cristalograficos bem definidos;

* Ocorre, sob certas condicées - CCC - (acos, ferro, cromo
etc.) e HC (zinco e berilio);

 Os metais e ligas - CFC - (aluminio, cobre etc.)
normalmente ndo fraturam por clivagem.

* Marcas de rios (River Marks) tém origem nas LD;
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QUASE-CLIVAGEM EM ACO SAE 52100

S y oW X - A s :;\ -
Mag= 540X Detector = SE1

| EHT = 20.00 kV Date :10 Apr 2008
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CLIVAGEM/QUASE-CLIVAGEM

| © QUASE-CLIVAGEM: AS MARCAS DE RIOS NAO SAO PARALELAS;
- COMBINACAO DE CLIVAGEM COM DIMPLES, AGLOMERADOS DE ATOMOS-
EX: ACOS TEMPERADOS E REVENIDOS.




Fig. 7.14. — Linguas (tongues) em
faceta de clivagem

Fig. 7.12. — Degraus em

facetas de clivagem

OS DEGRAUS SAO FORMADOS POR FLORESTAS DE DISC. HELICE
QUE MUDAM DE PLANO CRISTALINO, APROVEITANDO A
ENERGIA DE DEFORMACAO DA TRINCA.
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FRATURA POR CLIVAGEM - FORMACAO DO DEGRAU PELA PASSAGEM DA
TRINCA POR LINHAS DE DISCORDANCIA EM HELICE
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—| INFLUENCIA DA MACLACAO
DURANTE A FRATURA POR
CLIVAGEM.

Com a solicitacdo mecanica, a

macla ABCD é formada. Com

0 alongamento do cristal, toso

0s planos rotacionam, exceto

0s planos paralelos ao plano
da macla CDEF. A fratura por

clivagem, MNORP , inclina nos

contornos de macla
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FRATURA POR CLIVAGEM

LINGUAS -
MICROMACLAS ENTRE
CONTORNO INCOERENTE
DE MACLA E MATRIZ.
OCORREM DEVIDO A
ALTA VELOCIDADE DE
PROPAGACAO DA
FRATURA (0,5 MACH).
VEL.SOM ACO: 5920 m/s
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CLIVAGEM/QUASE-CLIVAGEM

Tabela 2.2. Planos de clivagem e de cisalhamento de alguns materiais e estruturas

cristalinas.
Estrutura Exemplo Plano de Plano de cisalhamento
Cristalina Clivagem primario
CCC-cubica de L1, Na, K, Fe, a mailoria {100} {112}, {110},

corpo centrado

dos acos, V, Cr, Mn,
Cd, Mo, W, Ta.

CFC-cubica de faces

Cu, Ag, Au, Al, Ni,

Nao sofrem

(111}

centradas latdo, acos moxidaveis clivagem
da série 300
HCP-hexagonal Be, Mg, Zn, Sn, Ti, U, {1000} {1122}, {1010}, {1000}

compacta

Cd, grafite
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FRATURA POR CLIVAGEM - TITANIO HC COM 0,38%0. OCORREU NA PRESENCA
DE MEIO CORROSIVO. PARTE A SAO CAVIDADES DE CORROSAO ALONGADAS
(FLUTES)-DUTIL. B-CLIVAGEM COM ORIGEM EM X. CE D JA EXISTIAM ANTES

DE B.




TRINCA NUCLEADA NO CONTORNO DE MACLA MECANICA, FERRO
PURO A -140 2c, DEFORMADO EM TRACAO.

icrocracks produced in iron b
ensile deformation at 133 K.
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FRATURA FRAGIL E DUTIL |

FRATURA FRAGIL X FRATURA DUTIL
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-
A o Jm

* High energy is absorbed by - Low energy is absorbed during

microvoid coalescence during transgranular cleavage fracture

ductile failure (high energy (low energy fracture mode)
fracture mode)

Less catastrophic More catastrophic
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FRATURA FRAGILE DUTIL o

FRATURA FRAGIL : POUCA OU
NENHUMA DEFORMACAO PLASTICA.
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Fig.7.3. - Marcas de sargento. Origem da
fratura a direita. “®

Fig. 7.5. — Marcas radiais e auséncia
de zona de cizalhamento ('
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ENSAIOS PARA DETERMINACAO DO
COMPORTAMENTO FRAGIL.




ENSAIO DE IMPACTO - TEMPERATURA DE
TRANSICAO FRAGIL-DUTIL
Ductile-to-Brittle Transition

|
. T
ey }1 Brittle
‘Fracture 5
© Ductile
>
o
| =
@
=
L
/Transition temperature
Temperature
=+— Decreasing temperature

-850 12 4 16 24 Fs

Fracture is more “brittle” with decreasing temperature
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act E1e, 3 Uk s
(a) Fracture Appearance Charts and Percent Shear Fracture Comparator
10 20 30 4Q 20 60 7Q 80

(b) Guide for Estimating Fracture Appearance
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Se determinarmos a temperatura de transicao ductil-fragil de um aco que
sera utilizado para a fabricacdo de um casco de navio, por exemplo, com
corpos-de-prova Charpy e a chapa efetivamente utilizada for de
espessura maior, a curva de transicao ja nao sera a mesma.

4

Corpo de

|
o |
2 | prova Charpy :
5 |
(7)) |
L0 |
i) |
© | Estrutura
Qo |
z : espessa
LS |
|
:/Tem peratura
* de trabalho
1 e
Temperatura

Efeito da espessura em curvas de transicao ductil-fragil.




O primeiro teste desenvolvido fol o teste de impacto por
explosao (Explosion Bulge Test); posteriormente foi
desenvolvido o teste de queda de peso (Drop Weight Test

_ DWT).




A —

Explosion Bulge Test

Utiliza corpo-de-prova com espessura real ou proxima;
Cordao de solda com entalhe: fragilizacao;

Uma carga explosiva é colocada acima do cp;

A onda de choque leva o cp a fratura;

Pode ser realizado em diferentes temperaturas;

Boa correlacao com ensaio de impacto Charpy.




Explosive

Circulgr-ring

Fixture bose
\————(b) Explosion-bulge test—




b

| NDT | FTE | FTP

| | |

| | n

| | |
fratura | fratura e | fratura parcial | cisalhamento
plana I abauluamento l e abauluamento ! e abauluamento

[ [ |

| | |

Aspecto da fratura em funcdo da temperatura para o teste de explosdo com ininciador de trinca

* NDT-Nihil Ductility Temperature;
 FTE -Fracture Transition Elastic;

e FTP-Transition Fracture Plastic.




Drop Weight Test (DWT)

Utiliza corpo-de-prova retangular com cordao de solda
entalhado: fragilizacao;

Carga de Impacto por queda livre de uma massa
padronizada: 60 libras a 10 ft de altura ;

A flexdo do cp e limitada a 5° (batente);

Pode ser realizado em diferentes temperaturas;

Norma ASTM E 208.




ENSAIO DWT

60-1b wesght —~__

Fixture

Stop block
~(a) Drop-weight tes!

ey w3 /-\
e J
FRACTURE WUST B DEVELOMDY
IR 2 MM ALTER SN
BOTCH IS FoRnid
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FRATURA FRAGIL E DUTIL

ESTUDOS DE CASOS




CASO I - FRAGILIZACAO DA MARTENSITA REVENIDA /

Teor de Austenita (%)
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CASO I - FRAGILIZACAO DA MARTENSITA REVENIDA

Detector = SE

EMT = 2000 kV Date 3 Apr 2009

igura 4.33 — Superficie de fratura do corpo-de-prova de impacto C3, austenitizado em 1050°C,
temperado em 6leo a 80°C e revenido em 350°C. Fratura por “dimples™ e intergranular.



CASO 1- FRAGILIZACAO DA MARTENSITA REVENIDA

Mag« 540X 10 Dotachor = 559

T =040 %Y Date <7 Apr 2000

Figura 4.42 — Superficie de fratura do corpo-de-prova C6, austenitizado em 800°C, temperado em
oleo a 80°C e revenido em 350°C. Micromecanismo intergranular.
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1989)
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* FORNECIDO TORRE COM CHAPA DE ACO ASME AS 516 - GR 70 COM CLAD
DE AISI 304L;

« CHAPA CLADEADA POR EXPLOSAO;

« SUBMETIDO AO ENSAIO DE CORROSAO INTERCRISTALINA-ASTM A 262 -
PRATICA E - SENSITIZACAO EM 600°C -1HORA - MINIMO DE 15 HORA EM
CuSO4 + H2504 - 16% - DOBRAMENTO - FRATUROU;

- NORMA AFIRMA QUE NAO PODE HAVER FRATURA INTERCRISTALINA.
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[ﬂﬂp} Designation: A 262 — 02a"
U

INTERNATMINAL

Standard Practices for
Detecting Susceptibility to Intergranular Attack in Austenitic
Stainless Steels’

This standard 1s 1sswed undsr fhe fxad desippatipn A 282, the momber mmedsataly following te desipraton indicates the wear of
prEm] adopton of, in the case of revision, fhe vear of [ast revizsion A mummber in paremiheses mdicates the year of last reapproval A
superscrpt epsilon (o) indicate: an editonal chanze since the Last revision or reapproval

PEACTICE A—OXALIC ACID ETCH TEST FOR
CLASSIFICATION OF ETCH STEUCTUEES OF
AUSTENITIC STAINLESS STEELS 2
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€ A 262- 022

sensitization, it may be difficult to reveal the presence of step
es by electrolytic etching with oxalic acid In suck
an electrolyte

tion of ammonium p:
e of oxalic acid. An etch
on at room temperature
specimens

of 5 or 10 min at m- 1 a s
readily develops step structures o

6. Classification of Etch Structure:

6.1 The etched swrface 15 examined on a metallurgical
microscope at 250X to 500X for wrought steels and at about
250% for cast steels

6.2 The etched cross-sectional are horoughly
exammed by complete traverse from ms: de diam-
eters of rods and tubes, from face to face on plates, and across

! 3 Id metal, weld-affected zones, and base
plates on specimens con g welds

6.3 The etch structures are cl
types (Note 2)

6.3.1 Step Structure (F
dite at gram bounda

6.3.2 Dual Strucrure (Fig
boundanes in add
surrounded by ditches.

6.3.3 Ditch Structure (F:
pletely surrounded by d: ;

6.3 4 Lolated Ferrite (Fiz. 4)—0bs
welds. Steps between austenite mamix and fernte po

6.3.5 Interdendritic Ditches (Fig. 5}—Observed m ca
and welds. Deep mterconnected ditches

6.3.6 End-Grain Pitring I (Fig. 6)—Structure conta
deep end-grain pits along with some shallow etch pr
(Of importance only when nitric acid © s used.)

6.3.7 End-Grain Piming II (Fig. 7)—Structure contams
numerous. deep end- (Of importance only
when nitne acid te

fied mto the followmg

3)—One or more grains com-

v 3

: "W / -

FIG. 1 Step Structure (500x ) (Steps between grains, no ditches
at grain boundaries)

./\

FIG. 2 Dual Structure (250x) (Some ditches at grain boundaries
in addition to steps. but no one grain completely surrounded)

FIG. 3 Ditch Structure (500x) (One or more grains completely
surrounded by ditches)

etched under

min ar ] A/am

All photomicrographs were made with specimens that were
andard condinons: 10 %o oxalic acid. room temperanure, 1.5

steps only
urrounded by ditches
v rapidly. In cases that

m every field can be camied out relativ
appear to be dual structures, more extensive examination 1s
required to determine if there are any grams completely
encircled. If an encircled gram is found, the steel should be
evaluated as a ditch structwre. Areas near swifaces should be
exammed for evidence of surface car n

e

€l A 262 - 02a*'

0.

FIG. 4 Isolated Ferrite Pools (250 x) (Observed in castings and
welds. Steps between austenite matrix and ferrite pools)

FIG. S Interdendritic Ditches (250 <) (Observed in castings and
welds. Deep interconnected ditches)

6.41 On stamles

on weld metal), the

a3 €0 5urface. The pits which now appear complesely Dlack are

n pits

End Grain Pitting | (500<) (A few deep end grain pits (see
1 in figure) and shallow etch pits (2))

greater concentration of end grain pits
conditions) Indicates that the specimen must be
ackd test

x (using standary
when screening

FIG. 7 End Grain Pitting Il (500x)
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FIG. 10 A Bent Copper-Copper Sulfate-Sulfuric Acid Test
Specimen

PRATICA E- A AMOSTRA FICA
EM UMA SOLUGCAO DE SULFATO
DE COBRE COM ACIDO
SULFURICO 16% DURANTE 15
HORAS NO MINIMO E DEPOIS E
FEITO O DOBRAMENTO.
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4y A 264-03

9. Test Specimens

9.1 The tension test specimens from plate shall conform to
the requirements prescribed in the specifications for the base
metal.

9.2 Bend test specimens for the alternative bond strength
tests, shall be taken at right angles to its longitudinal axis.

9.3 When required by the purchaser. the shear test specimen
should be taken near a top or bottom comer of the plate as
rolled, parallel to 1ts longitudinal axis, or other location that 1s
representative of the final product.

94 For plates 12 in. [38 mm] and under in thickness,
tension test specimens shall be the full thickness of the
maternal. except as specified in 8.1 and 8.2

9.5 For plates over 132 mn. [38 mm] 1n thickness, tension
tests shall be of the form shown n Fig. 3 and shall be of all
base steel conforming to the requirements of the specification
for the base steel.

9.6 The bend test specimen used for bond strength determi-
nation shall be 1Y% in. wide [38 mm] by not more than 34 in.
[19 mm] in thickness and shall be machined to the form and
dimensions shown in Fig. 2. or may be machined with both
edges parallel. In reducing the thickness of the specimen. both
the alloy cladding and the base steel shall be machined so as to
maintain the same ratio of clad metal to base steel as 1s
maintained in the plate, except that the thickness of the clad
metal need not be reduced below & 1n. [3.1 mm]. The sides of
the bend test specimen used for bond strength determination
may have the comers rounded to a radius not over Y15 mn. [1.6
mm] for plates. 2 in. [50 mm] and under 1n thickness, and not
over Y2 1n. [3.1 mm)] for plates over 2 in. [50 mm] in thickness.




‘m Designation: G 146 - 01 (Reapproved 2007)

Standard Practice for

Evaluation of Disbonding of Bimetallic Stainless Alloy/Steel
Plate for Use in HEgh-Preesu re, High-Temperature Refinery
Hydrogen Service

This steadard it ivued usder the fived demgnation ( 196 e samber immadinely following te duigavica adicnie the year of

eagaal adoprica o, ® the cae of revirion, the year of lue revitica. A cusher in parestherer indicunr the yeur of lae repproval. A
wparicnpt epuilos (o) ndcnie 13 edeonal change visce the lat revivion or reapproval.

FIG. 3 Test Specimen Configuration

AG 2 Typical Test Call
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TORRE DE REFINARIA PETROQUIMICA
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(‘"\ /',) { :H]

=

hl

22mm

;; ) Ver detalhe do clad abaixo.

Detalhe do Clad no Reator para Polimerizacao

Legenda

|:| Incrustacao na Superficie do Clad

- Substrato, Aco Carbono
ASTM A 516 Gr. 70

B cilad, Aco Inox 304L

- Tncrustacao no fundodo pite
hi=h2

El Superficie Rugosa
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CLADEAMENTO POR EXPLOSAO

f-‘{n‘;

o

[ - CAN .\1_-'/ ﬂlﬁ ,o\‘f
.‘ ™

\l\;f iy 14:‘-‘ .
EOP S e \.L

Metal
“cladeado”

e

Ondulado Ponto de Colisdao  Jato Metal Base
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MICROESTRUTURAS DO METAL BASE E CLADD
POR EXPLOSAO.

M. ACARER JOURNAL OF MATERIALS SCIENCE 39 (2004) 6457— 6466
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CONSEQUENCIAS
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600°C

SENSITIZACAO
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A Chromium-depleted zone




FIG. 3 Ditch Structure (500x<) (One or more grains completely
surrounded by ditches)

ASTM A 262-Fig.3 page 4.
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Figura 2
Vista da regiao dobrada do
corpo-de-prova.
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O MICROMECANISMO DE FRATURA DEVERIA SER
INTERGRANULAR.

FOI REALIZADA ANALISE DE MEV POIS AO
MICROSCOPIO OPTICO SERIA IMPOSSIVEL SABER
SE ERA INTERGRANULAR
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10SC EHT=20 88 kV  WD= 16 mn Mag= 2.88 K X Detector= SE1
Spm - H Photo No =36 24-0ct -2008

Figura 7 — Analise de MEV apresentando micromecanismo de fratura por “dimples”
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ESTE DEVERIA SER O MICROMECANISMO DA
/ CORROSAO INTERCRISTALINA

Corrosion products on the intergranular fracture surface of an Nb-106 alloy
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/ et

,/

ACOES:

FENOMENO:
CLADDING E ALIVIO DE TENSOES?

 PARA EVITAR NOVOS PROBLEMAS:
CHAPAS CLADEADAS POR COLAMINACAO.

« REUNIAO COM A REPLAN EXPLICANDO O

« QUESTAO: POR QUE A DUTILIDADE CAIU APOS O

COMPRAR
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e Desafios Especificos _e AMNAGIO 201
ABM de Laminagao R

Laminacao de Chapas Bi-Metalicas:

Backing steel

Preparation Assembly of
of material alloy sheet

Seal welding Hot rolling
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Normas mais utilizadas nos reatores de cromo=molibdénio:

R

I-ET-5000.00-2316-570-PPC-001
I-ET-5000.00-2316-500-PPC-002

ASTM A 387 (ASME SA 387)

ASTM A 516 (ASME SA 516)

ASTM A 105 (ASME SA 105)

ASTM A 240 (ASME SA 240)

ASTM A 20 (chapas de a¢o carbono)

ASTM A 370 ( ensaios mecanicos)

ASTM E 21 (ensaio de tracdao a quente)
ASME -Sec.II-Parte D - Tabela U e Y.
ASTM E 23 (ensaio de impacto)

ASTM A 262 (corrosao intergranular de ago inox)
ASTM A 264 (ensaios de chapas cladeadas)
ASTM G 146 (HID)

N- 1704 (vasos com servi¢o H2)

N- 1706 (vasos com servicoH2S)

NACE TM 0284 (HIC)

NACE TM o177 (SSC)

ASTM A 388 (US-Forjados)

ASTM A 578 (US-Chapas)

ASTM A 1268-(alinhamento de estrutura - Forjados)
EN473 (qualificacdao de pessoal de NDT)
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SPWHT para chapas de Cr-Mo:
Heat Treatment: according to AF- 402.1 of ASME VIII Div. 2

The heat treatment of the test coupons must be performed at 4 cycles
of 105 minutes In the Holding temperature of 690°C (-0/+10°C); it
will be not acceptable 1 cycle with total time for Heat treatment in
test coupons. The plates shall be quenched or normalized and
tempered above 690°C (-0/+10°C).

O ensaio de dureza é realizado ap6s o primeiro ciclo do SPWHT e
deve ser realizado em 5 pontos a 2 mm da superficie e a % (t <
55mm) ou 1/2 da superficie (t > 55mm), conforme prevé a IET. Os
outros ensaios devem ser realizado apoés os 4 ciclos de SPWHT.
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« SUBMETER COUPONS DO MATERIAL AO SPWHT;

- ALGUNS COUPONS JA COM SPWHT SUBMETER AO
| STEP COOLING.

Step Cooling Procedure (from WRC Bulletin # 275 — Feb./1982):

Temperature Holding time Cocling rate to next
[°C] [ hours ] temperature
[ “C per hour ]

593 1 56

538 15 56

524 24 56

496 60 3.0

468 100 278

315 then air cool

524°C

Uy 406°C )
24 — 5 468°C

100h V

315°C

R! = Cooling rate = 5.6°C/h
R2 = Cooling rate = 3.0°C/h
R? = Cooling rate = 27.8°C/h

Temperature uniformity : £10°C

67



Cinco sets de trés corpos de prova cada um, que ja
sofreram SPWHT e Step Cooling e cinco sets com cps
cada um s6 com SPWHT;

Ensaio de impacto em cinco temperaturas diferentes, sendo

gue uma delas deve ser -18°C para o ASTM A 387 —
Gr.11(1,25Cr-0,5Mo);

Levanto a curva de energia absorvida por temperatura de
Impacto;
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PETROBRAS

TECHNICAL 5F'ECIFICATIDN| Me.

I-ET-5000.00-2316-570-PPC-001

REV.

C

AREA OR UNIT

UNTDADE DE HOS DE WAFTA CRAQUEADA 7

UNIDADE + SECAC DE TRATAMENTO DEA

SHEET

33 of 33

TITLE

ADDITIONAL REQUIREMENTS FOR Cr-.Mo LOW ALLOY STEEL

APPENDIX I

Typical Impact Transition Curves

E: Absorbed Energy

100
FSR FSR + SC
[% 50
o "’:_.--—-
200
T——
/""‘"
150 /]
FSR
E [ft-lb]
FSR + SC
100 /
50
40 -
/-
T T T T T T T T T T T T T T
-150 100 -50 0 50
Temperature [2C]
— Av Tr4o [
RESULT :
v Tr 40 (FSR) v Tr40 (SC) Av Tr40 v Tr40 + 2557 Tr40 RESULT
-984C -824C 162C -58%C ACCEPTAEBLE
CONWENTION :
FSH : Fully Stress Relieved
SC: Step Cooling
S.F.: Shear Fracture
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Calculo do deslocamento da curva de temperatura de
transicao fragil-dutil do material com e sem step-cooling.

Acceptance criteria for 2.25Cr-1Mo material shall be in accordance with the following formula based
upon the embrittlement shift value due to step cooling.

Shift value = (v Tr40) + 2.5%(Av Tr 40 Sc) < 10°C

Where; v Tr 40 = transition temperature at absorbed energy of 40 ft:Ib of completely heat treated
specimens;

Av Tr 40 Sc = shift in 40 ft-Ib transition temperature due to step cooling,

For 1.25Cr-0.5Mo, the shift value due to step cooling shall be calculated only for information, using
the equation mentioned above,
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b)— Chemical analysis
Chemical analysis shall conform to ASME SA-387 Gr. 11 or Gr. 22 specifications but,
when the operating temperature of components exceeds 350°C, for 2 1/4Cr -1Mo the
J-tactor shall be verified as follows:

J=(51+Mn)x(P + Sr.u:«:ID‘1 = 100 max. (target value: 80)

For 1 1/4Cr - 1/2Mo base material the J-factor shall be calculated as below:

J=(5i+Mn)x(P + Sx1;:-=:|04 = 220 max. (target value: 180)

PREVISAO DA SENSIBILIDADE DO MATERIAL A
FRAGILIZADADE AO REVENIDO PELA COMPOSICAO
QUIMICA:

FATOR J- WATANABE
FATOR X - BRUSCATTO
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