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RESUMEN

El acero se ha constituido como uno de los més importantes materiales para la
ciencia e industria actualmente, gracias a sus muy buenas propiedades mecénicas
y a su buena resistencia a la corrosion. Sin embargo, en algunas ocasiones es
necesario la aplicacion de recubrimientos metélicos a este tipo de materiales para

protegerlos de ambientes en los que puedan presentar un notorio deterioro.

Para la medicibn del grado de corrosion de aceros se han empleado
tradicionalmente diversas técnicas entre las que cabe destacar la prueba de
inmersion total o de pérdida de peso, pero estas técnicas so6lo arrojan valores de la
velocidad con la que se corroen estos materiales, sin dar detalles de las

condiciones intermedias de la superficie del material.

La técnica espectroscopia de plasma inducido por laser, LIBS (Laser Induced
Breakdown Spectroscopy) es una técnica muy versatil y esencialmente no
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destructiva que permite la determinacién de la composicion y la concentracion de
los elementos constituyentes de cualquier material sin importar su estado. En este
proyecto se realizé un estudio comparativo del analisis de corrosion de aceros
inoxidables y de aceros recubiertos mediante un proceso de cromado por las
técnicas de inmersion total y LIBS. Se obtuvieron excelentes curvas de calibracion
para el Cr, Cu, Ni, Fe y Mn empleando andlisis multivariado lineal, asi como un
detallado andlisis mediante LIBS de la superficie de los aceros sometidos a la

prueba de inmersién total.
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ABSTRACT

Currently, due to excellent mechanical properties and corrosion resistance, steel
has been considered one of the most important materials in the science and
industry. However, in some cases is necessary the application of metallic coatings

to protect it from highly corrosive atmospheres.

Traditionally, the measurement of steel corrosion grade has applied different
techniques and it is important to stand out the immersion corrosion technique.
Unfortunately, those techniques only produce corrosion velocity data but do not

provide details of the conditions of the material surface.

The Laser Induced Breakdown Spectroscopy (LIBS) is versatile and non-
destructive technique that determines the composition and concentration of
elements in any type of material regardless its matter phase. In this project, a
comparative study of the corrosion analysis of stainless steels and chromium
coated steels has been realized by using immersion corrosion technique and LIBS.
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The results showed excellent calibration curves for Cr, Cu, Fe, Ni and Mn by using
the linear multivariate analysis and also a detailed analysis of the stainless steel

surfaces applying LIBS technique have been obtained.



INTRODUCCION

Las plantas industriales actuales necesitan cada vez mas de técnicas que
permitan la evaluacion de las piezas, teniendo en cuenta su estrés térmico o su
corrosion, en medios muchas veces hostiles tales como altas temperaturas o
soluciones salinas. En muchos casos se llega a un reemplazo temprano de las
piezas lo que conlleva a un alza en los costos de operacion; la extraccion de
muestras para analizar en el laboratorio es destructiva y no puede ser llevada a
cabo en linea facilmente. La espectroscopia de plasma inducido por laser (LIBS)
es una técnica muy versatil y no destructiva que se constituye como una
importante herramienta de evaluacion de piezas de diversos materiales en las
industrias, incluyendo los aceros, desde su proceso de fabricacibn hasta su
empleo en plantas, permitiendo realizar determinaciones in situ y en tiempo real

incluso en zonas muy poco accesibles.

La técnica LIBS ha sido empleada en innumerables campos de la ciencia y la
industria, para analizar materiales tan diversos como aceros [1 — 10], materiales
multicapas en la industria joyera [11], ceramicos [12], metales preciosos [3], suelos
[13], meteoritos [14], farmacéuticos [15], isotopos radiactivos [10, 16], hallazgos
histéricos [17], obras de arte [18], circuitos impresos [19], metales en diferentes
atmosferas [20], aleaciones metalicas [5, 21 — 23], acero fundido [24, 25], y aceros

recubiertos [26 — 28], entre otros.

En este proyecto se realiz6 un analisis comparativo de la corrosién de aceros
inoxidables y de aceros recubiertos mediante un proceso de cromado, empleando
una técnica tradicional de medicién de la velocidad de corrosibn como lo es la
prueba de inmersion total, y la espectroscopia de plasma inducido por laser
(LIBS).



En el primer capitulo se presenta una breve sintesis de los conceptos tedricos
acerca de la corrosién de aceros, de la prueba de inmersion total y de la
espectroscopia de plasma inducido por laser (LIBS). En el segundo capitulo se
muestra en forma detallada la metodologia seguida en la realizacién de este
proyecto. El tercer capitulo contiene los resultados obtenidos con su
correspondiente analisis. Por ultimo, los capitulos 4 y 5 incluyen las conclusiones

del proyecto asi como las recomendaciones para futuros trabajos en el area.



1. CONCEPTOS TEORICOS

1.1 ESPECTROSCOPIA DE PLASMA INDUCIDO POR LASER (LIBS)

1.1.1 Caracteristicas y ventajas

La espectroscopia de plasma inducido por laser (LIBS, de su sigla en inglés), ha
sido reconocida como una de las mas convenientes y eficientes técnicas analiticas
para la determinacién elemental de muestras sdlidas, liquidas o gaseosas. LIBS
posee un alto potencial para realizar andlisis elemental directo de diversos
materiales, incluyendo sdlidos conductores y no conductores, liquidos y gases.
Una de las ventajas mas importantes de LIBS consiste en la minima preparacion
de muestra requerida, lo cual tiene gran conveniencia y muy pocas oportunidades
de contaminacion. Por otra parte, una muy pequefia cantidad de material (~0.1ug
a 1mg) es usada y por lo tanto, es practicamente no destructiva. También permite
analisis de materiales extremadamente duros, como ceramicos Yy
superconductores, los cuales son dificiles de digerir o disolver. El analisis local en

microregiones ofrece posibilidades de resolucion espacial de ~1-100um.[1]

El mapa composicional de una capa de la superficie del sélido puede ofrecer
informacion importante acerca de la distribucion quimica cuantitativa de los
materiales que es esencial para el fabricante industrial y para el cientifico de
control de calidad. Una de las técnicas analiticas de superficie disponible que
puede dar la distribucion espacial de elementos en una muestra es el método de
rayos X por dispersién de energia (EDX). El equipo de EDX es generalmente
combinado con un microscopio electronico de barrido (SEM), proveyendo una
forma conveniente de grabar las imagenes composicionales de una muestra de

microtamafio agrandadas. Sin embargo, la sensibilidad medible del EDX es



limitada, y llega a ser peor para los elementos ligeros debido a su emision débil de
rayos X. Otras técnicas de andlisis superficial son la espectroscopia electrénica
Auger (AES) y la Rutherford Backscattering (BRS) las cuales usan un haz de
electrones y un haz idnico, respectivamente. Tanto en AES como en BRS se
requiere de un sistema de vacio y puede causar problemas de carga en una
muestra dieléctrica. La EDX permite mapeo so6lo a escala de micrometros,
mientras que LIBS permite mapeo de areas mas grandes, por ejemplo, 1Imm. De
igual manera, LIBS también ha sido usada para generar especies quimicas
volatiles en conjuncion con otras técnicas analiticas tales como espectrometria de

masas.[19]
1.1.2 Fenomenologia

En LIBS, un laser pulsado de alta potencia es usado para generar un plasma
sobre la superficie de la muestra en contacto con un gas bufer. Cuando un haz
laser es enfocado en la superficie de la muestra, la irradiacion en el punto de
enfoque puede llevar a una variedad de efectos que incluyen calentamiento,
evaporacion y excitacion a través de varios fendmenos entre los que se incluyen
procesos no lineales. Algunos de estos procesos son: la formacion del plasma, el
cual se expande fuera de la superficie, cuando la densidad de potencia o fluencia
del haz laser excede un valor umbral, tipicamente del orden de 1*10® W cm™; en
esta situacion se presenta la eyeccion de material desde la superficie debido a la
presién generada por la expansiéon del gas en contacto con la superficie, la
expansion del gas dentro de la muestra, evaporacion y excitacion de los
componentes del material. La observacion de estos fendmenos ha sido posible
debido a que la luz laser tiene caracteristicas de alta densidad fotdnica asi como

alta intensidad luminica.[1]

La ablacién es una explosion que ocurre cuando sobre cualquier superficie se

focaliza un haz laser de pulsos cortos, del orden de nanosegundos, y alta



densidad de potencia (energia del pulso por unidad de area por unidad de tiempo),
superior a 10° W/cm?. El término “ablacién laser” ha sido adoptado para describir
esta interaccion. Fenomenologicamente, la superficie del material, al interaccionar
con la radiacién electromagnética, se calienta instantdneamente alcanzando su
temperatura de evaporacion a través de una absorcion lineal fotonica, absorcion

multifotonica, descomposicion dieléctrica y mecanismos adicionales no definidos.

La disipaciobn de energia a través de la evaporacién desde la superficie es
relativamente lenta comparada con el ancho temporal del pulso laser. Antes de
que la capa superficial pueda evaporarse, el material que esta por debajo alcanza
su temperatura de evaporacion. La temperatura y presiéon del material de las
subcapas llega a valores criticos, causando la explosion. La explosiva interaccion
ha sido descrita como no térmica, se observa fundicion alrededor del crater, hay
evaporacion; expulsion de atomos, iones, especies moleculares y fragmentos de
materia; ondas de choque, deformacién del material, iniciacion y expansion del

plasma, y un hibrido de estos y otros procesos.

El plasma es un gas suficientemente ionizado como para que sus propiedades
dependan significativamente del grado de ionizacion; el gas permanece
macroscopicamente neutro, pero se convierte en un buen conductor de la
electricidad. EI plasma que se inicia en la muestra tiene una temperatura que
excede los 10* K y su duracién es del orden de microsegundos. A esta alta
temperatura, los atomos son ionizados, decaen emitiendo radiacion, la cual es

observada en los regiones del espectro ultravioleta, visible o infrarrojo cercano.
1.1.3 Equipo empleado en LIBS
Un diagrama esquematico del equipo utilizado en LIBS es mostrado en la Figura 1.

Se empled un laser pulsado Nd:YAG Quanta Ray Spectra Physics (A), con su

correspondiente controlador de potencia (B), que trabaja en las longitudes de onda



de 1064nm, 532nm, 355nm y 266nm. En este caso se trabajé con en el segundo
armonico, longitud de onda 532nm, energia por pulso de 150mJ
aproximadamente, frecuencia de pulsos de 10Hz y un ancho temporal del pulso de
10ns.

Figura 1. Diagrama esquematico del equipo usado en LIBS.

El haz laser se hace incidir sobre un lente de cuarzo con distancia focal de 10cm
(C) con el fin de enfocar el haz sobre la muestra. La muestra est4 ubicada en el
portamuestras (D), que esta acoplado a un sistema (E) consistente de un motor
paso a paso, que permite la rotacion de la muestra, y a un aditamento que permite
la traslacion de ésta en direccién horizontal; con esto se consigue el escaneo de
toda la superficie de la muestra. El sistema (E) es controlado mediante software
(F). La emision del plasma es recogida perpendicularmente al haz laser incidente
mediante un lente de cuarzo (G), con distancia focal de 10cm, que enfoca la
emisién del plasma sobre una fibra 6ptica (H), que a su vez se emplea para
transportar la emision al espectrografo (1). Se utilizé un espectrégrafo, marca CVI
Digikrom DK 480 de Spectral Products, con montaje optico tipo Czerny — Turner
de 0.5m de distancia focal, con hendija de entrada de 50um. Como sistema de
dispersion encargado de separar la radiacion en sus diferentes componentes
espectrales, cuenta con dos rejillas de 1200 planos/mm, la primera con blaze en

300 nm y la segunda con blaze en 600 nm, y una dispersion lineal reciproca de



14.3 A/mm. La dispersién de una rejilla determina la capacidad para separar las
longitudes de onda. Después que la emisidbn ha sido descompuesta en las
diferentes longitudes de onda, se le hace incidir sobre un sistema de deteccién,
que en este caso es una camara CCD (J) (arreglo matricial de fotodiodos) de
Princenton Instruments, Roper Scientific, RTE/CCD 128-H, de 1024x128 pixeles,
con detectores de 25x25 um. El detector CCD proporciona condiciones mas
favorables en cuanto a sensibilidad, relacion sefial-ruido (S/N), limites de
deteccion y versatilidad en toma, almacenamiento, visualizacién y procesamiento
de datos. Por ultimo, se obtienen los espectros usando el software WinSpec (K),
que controla la CCD y permite el almacenamiento de los espectros para su

posterior tratamiento y analisis. La Figura 2 muestra fotografias del equipo

empleado.

(@) (b)

Figura 2. Fotografias del equipo
empleado en LIBS: (a) laser
Nd:YAG,; (b) sistemas éptico y de
muestreo; (c) espectrografo
(azul) y CCD (negra).




1.2 GENERALIDADES ACERCA DE LA CORROSION DE ACEROS

1.2.1 Consideraciones acerca de la corrosion.[29]

Los materiales puros y sus aleaciones tienden a unirse quimicamente con los
elementos de un medio corrosivo para formar compuestos estables similares a los
gue se encuentran en la naturaleza; cuando se producen pérdidas de metales de
ese modo, el compuesto que se forma se denomina producto de la corrosién y se
dice que la superficie del metal estd corroida. La corrosién es un fenbmeno
complejo que puede tomar una o varias formas. Por lo comun, se limita a la
superficie del metal y ésto se conoce como corrosion general; pero hay veces en
que tiene lugar a lo largo de la superficie, limite de los granos u otras lineas que
muestran debilidad debido a diferencias en la resistencia a los ataques o una
accion electrolitica local. En la mayor parte de los sistemas acuosos, la reaccion
de corrosion se divide en una porcién anddica y otra catédica, que se producen
simultdneamente en puntos discretos sobre las superficies metalicas; se puede
generar un flujo de electricidad de las zonas anddicas a las catddicas mediante
celdas locales desarrolladas ya sea en una superficie metalica simple (por

diferencias locales de punto a punto sobre la superficie) o entre metales distintos.

La corrosion también puede ser localizada existiendo varias clases de este tipo. La
corrosion por picadura se desarrolla en zonas muy localizadas de una superficie
metalica, lo que da como resultado el desarrollo de cavidades profundas y de
diametro pequefio a las depresiones relativamente poco profundas; éste es el
caso de aleaciones de acero inoxidable en soluciones acuosas que contienen
cloruros. La corrosion se puede acelerar debido a los esfuerzos, ya sea el
esfuerzo residual interno del metal o algun esfuerzo aplicado desde el exterior. Los

esfuerzos residuales se producen por la deformacion durante la fabricacién, por el



enfriamiento desigual a partir de temperaturas elevadas y por reordenamientos
estructurales internos que implican un cambio de volumen; los esfuerzos inducidos
por remaches y pernos y por ajustes forzados y de contraccion se pueden
clasificar también como esfuerzos residuales. Para la fractura de corrosion por
esfuerzo se requieren esfuerzos de traccion de magnitud igual, por lo comun, al
esfuerzo de cedencia; sin embargo, se han llegado a producir fallas de este tipo
con esfuerzos menores. Virtualmente todos los sistemas de aleaciones tienen sus
condiciones ambientales especificas que producen fractura de corrosion por
esfuerzo y el tiempo de exposicion necesario para que se produzca una falla
variard de unos pocos minutos hasta unos cuantos afos. Ejemplos usuales de
este tipo de corrosion son el agrietamiento de los aceros inoxidables austeniticos
en presencia de cloruros y el agrietamiento por fragilidad caustica de los aceros de

las soluciones causticas.

La presencia de cloruros no provoca, generalmente, agrietamiento de los aceros
inoxidables austeniticos, cuando las temperaturas se encuentran por debajo de
50°C; sin embargo, cuando la temperatura es suficientemente alta para concentrar
cloruros en la superficie inoxidable, se puede producir un agrietamiento cuando la
concentracion de los cloruros en el medio circundante es de unas cuantas partes
por millon. El agrietamiento del acero inoxidable con aislamiento se produce
cuando la humedad lixivia cloruros del aislamiento y, a continuacion, dichos
cloruros se concentran en superficies calientes; los cloruros pueden extraerse del
aislamiento por lixiviacibn o encontrarse en el agua cuando ésta penetra en el
aislamiento. Un disefio mejorado y el mantenimiento de un aislamiento
impermeable al agua, el recubrimiento del metal antes de instalar el aislamiento y
el empleo de un aislamiento libre de cloruros son pasos que ayudaran a reducir

(pero no a eliminar) este problema.



1.2.2 Factores que influyen en la corrosion.[29]

Los agentes oxidantes que aceleran la corrosion de algunos materiales pueden
también retrasar la corrosion de otros mediante la formacion, en su superficie, de
oxidos o la adsorcion de capas de oxigeno, formando peliculas pasivas, que las
hacen mas resistentes a los ataques quimicos. Esta propiedad del cromo es la
base de las principales caracteristicas de resistencia a la corrosién que tienen los

aceros inoxidables.

Un aumento de la velocidad del movimiento relativo entre una solucion corrosiva y
una superficie metalica tiende a acelerar la corrosion; este efecto se debe a la
mayor rapidez con la que los productos quimicos corrosivos, incluyendo las
sustancias oxidantes (aire), llegan a la superficie que se corroe y a la mayor
rapidez con la que los productos de la corrosion, que podrian acumularse y reducir

la corrosidon misma, se retiran.

El empleo de diversas sustancias o inhibidores como aditivos a los ambientes
corrosivos, para reducir la corrosion de los metales en el ambiente, es un medio
importante de combate de la corrosion. En general resulta mas atractivo en
sistemas cerrados o de recirculacién en los que el costo anual del inhibidor es
bajo. Sin embargo, también ha resultado econdémicamente conveniente para
muchos sistemas de una sola pasada, como los que se encuentran en las
operaciones de procesamiento del petréleo. Los inhibidores son eficaces debido a
su influencia de control sobre las reacciones de las zonas catédicas o anddicas.
Como ejemplos tipicos de los inhibidores utilizados para minimizar la corrosion del
hierro y el acero en soluciones acuosas se tienen los cromatos, los fosfatos y los
silicatos. Los materiales de sulfuros organicos y aminas resultan con frecuencia

eficaces para reducir la corrosion del hierro y el acero en solucion acida.
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Existen diversos metales empleados en la industria como recubrimientos de
piezas de hierro, especialmente de acero, con los cuales se aprovechan
propiedades de resistencia a la corrosion en diferentes atmdésferas, entre los que
se encuentran el zinc, el cadmio, el plomo, el aluminio y el niquel, debido a que
son menos nobles que el acero o el hierro por lo que los protegeran mediante una

accion electroquimica.

1.2.3 Métodos de medicion de la corrosion.

Existen diversas técnicas que actualmente permiten determinar la velocidad y
caracteristicas en cuanto a la corrosion de diferentes materiales mediante ensayos
de laboratorio, obteniendo informacion que seguidamente serd utilizada en la
escogencia de los materiales o de las condiciones en las que éstos pueden estar
expuestos sin riesgo de corrosion. Entre los principales métodos se encuentra la

prueba de inmersion total o de pérdida de peso.

En este tipo de método se pretende determinar la velocidad de corrosiéon en masa
por unidad de tiempo por unidad de area de un material expuesto a un medio en
particular. Consiste en la medicién del peso diferencial (peso inicial menos el peso
observado después de la exposicién) de la probeta a diferentes tiempos, con lo
que con facilidad se halla la velocidad de corrosion. Es importante notar que los
ensayos acelerados en ambientes simulados dan resultados indicativos

solamente. [30,31]
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2. DESARROLLO EXPERIMENTAL

La metodologia seguida para la realizacion de este proyecto es mostrada

esquematicamente en la Figura 3. Estad conformada por las siguientes etapas:

Fruebas preliminares
con LIBS

T
Curvas de calibracion

por analisis multhvariado

T
Prueba de inmersidn total Anslisis espectroscdpico de
o de pérdida de peso | |los aceros por LIBS

L
f

L]
Andlisis de resultados

Figura 3. Diagrama esquematico de la metodologia.

2.1 PRUEBAS PRELIMINARES CON LIBS

Para este trabajo se escogieron tres tipos diferentes de aceros. En primer lugar, se
eligié el acero de tipo estructural ASTM A36, el cual es utilizado en la industria
metalmecanica y para la fabricacién de estructuras metélicas para diversos usos
entre los que se encuentran las torres para lineas de transmision eléctrica,
carrocerias, chasises, soportes para defensas, viales, estructuras para cubiertas,
galpones y soportes para sefializacion. También se escogié el acero al carbono
AISI SAE 4340, el cual es empleado en la fabricacién de ejes de gran seccion que
requieren buena resistencia a la torsion, levas de mando, ejes para camion, discos

para freno, cardanes, arboles para trituradora, mandriles, tornillos prisioneros,
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portaherramientas, tornilleria grado 8, ejes para locomotora y ejes de impulso para
ferrocarril, entre otros usos. Por ultimo, fue escogido el acero inoxidable AISI SAE
304, el cual posee buena resistencia a la corrosién y posee una gran variedad de
usos entre los que cabe destacar la fabricacion de piezas para electrodomeésticos,
la industria agricola — alimenticia, la industria quimica (acidos organicos, diluidos
en frio), las industrias naval y aeronautica, y para las industrias cervecera, vinicola
y lechera. Estos tres aceros presentan diferentes comportamientos frente a la
corrosion en diversos medios principalmente por su composicién, la cual es

mostrada en la Tabla 1.

Tabla 1. Composicion elemental (%p/p *100) de los aceros utilizados. [32, 33]

Elemento ASTM A36 AlISI SAE 4340 AlISI SAE 304
C 0.27 max 0.38 -0.43 <0.03
Mn 0.90 max 0.60-0.80 2.00 max
Pmax 0.040 0.035 0.045
Smax 0.050 0.040 0.030
Si --- 0.15-0.35 1.0 max
Cr — 0.70-0.90 18.0 - 20.0
Mo --- 0.20-0.30 0.03 -0.04
Ni --- 1.65-2.00 10.0-125

A excepcion del acero AISI SAE 304, los aceros se sometieron a un proceso de
cromado en el establecimiento Ingenieria (Croming) ubicado en la ciudad de
Bucaramanga. Se escogieron 1, 2 y 3h como los tiempos de exposicién de las
muestras al proceso de cromado. La clasificacion de las muestras de esta forma

alcanzada se muestra en la Tabla 2.

Con base en los resultados obtenidos en [34], se trabajaron tres ventanas
espectroscoépicas, ya que contienen un importante numero de lineas analiticas de
los elementos constituyentes de los aceros. Estas son 340, 400 y 430nm. Las
lineas analiticas evaluadas en cada ventana espectral se muestran en la Tabla 3y
en las Figuras 4 a 6. Trabajando con muestras de acero AlISI SAE 4340 y 304, se

tomaron espectros con el fin de determinar las mejores condiciones de operacion
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del equipo LIBS. El laser fue trabajado en su segundo arménico, 532nm,
inicialmente en su modo de operaciéon de Long Pulse(modo de operacién en el que
el laser emite pulsos de baja intensidad), con el fin de ubicar lo mejor posible el
lente de recoleccién de la emisién del plasma para que éste enfoque bien dicha
radiacion sobre la punta de la fibra Optica, la cual posee un diametro de
aproximadamente 2mm. Luego, en el modo “Q — switch” del laser y en modo
repetitivo, se hicieron pruebas con el fin determinar la mejor posicién del lente de
enfoque del haz laser sobre la muestra, tomando espectros por cada posicién del
lente, hasta encontrar la mejor posicion que diera la relacién sefal/ruido en el
espectro adquirido, la cual fue conseguida enfocando el haz laser por debajo de la

superficie de la muestra aproximadamente 2mm.

Tabla 2. Clasificacion de las muestras de acuerdo al tiempo de cromado.

Tipo de acero Muestras Tiempo de cromado (h)
la9 1
AlISI SAE 4340 10a 18 2
19 a 27 3
28 a 36 1
ASTM A36 37a45 2
46 a 55 3
AISI SAE 304 58 a 66 0

Posteriormente se tomaron espectros variando el nimero de pulsos que inciden
sobre la muestra; ésto se logra variando el tiempo de exposicion del detector CCD
mediante software. Después de diversos ensayos se determind 2s como el tiempo
de exposicion apropiado, con lo cual inciden 20 pulsos sobre la muestra, con el fin

de elaborar las curvas de calibracion.

Para realizar los perfiles de profundidad de los aceros, se eligido tomar espectros
pulso a pulso. Bajo estas condiciones, se hicieron ensayos regulando la potencia
del laser, obteniendo mejores resultados en cuanto a la relacion sefal/ruido

empleando la potencia maxima del laser.
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Figura 4. Ventana de 340nm para el acero martensitico.
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Figura 5. Ventana de 400nm para el acero AISI 1020.
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Figura 6. Ventana de 430nm para el acero SS 430.

Tabla 3. Lineas analiticas de elementos y ventanas espectrales.

Elemento Longitud de onda (hm) Ventana espectral (nm)
Fe 330.597, 404.582, 430.576 340, 400, 430
Cr 336.805, 425.433 340, 430
Mn 403.076, 403.307, 403.449 400
Cu 324.754, 327.306 340
Ni 342.371 340
Ca 393.367, 396.847 400

2.2 CURVAS DE CALIBRACION POR ANALISIS MULTIVARIADO

Para este proposito se utilizaron cuatro aceros de composicion certificada,
obtenidos de un proyecto anterior en el LEAM [34]. Las composiciones de estos
aceros son mostradas en la Tabla 4. Se tomaron tres espectros por cada ventana

espectroscopica para cada acero.
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Tabla 4. Composicion de los aceros usados para la curva de calibracion.

AISI 1020 Martensitico AIS| 1045 SS 430
Cr 0,13 15,60 0,104 16,58
Ni 0,13 4,554 0,026 0,176
Mn 0,79 0,821 0,866 0,352
Cu 0,33 2,835 0,009
C 0,21 0,034 0,523 0,072
Si 0,21 0,353 0,249
Mo 0,318 0,007
P 0,018 0,015 0,008 0,012
S 0,034 0,015 0,025 0,004
Sn 0,02
Vv 0,005 0,09 0,001 0,09
Nb 0,022
Ti 0,002 0,015
W _— — —
Al 0,023
Pb 0,006

Todas las composiciones se dan en porcentaje en peso.

--- Concentraciones no reportadas

*Suministrada por el fabricante (ACASA), de acuerdo con el certificado de
calidad N° 16662, del 29 de abril del 2004

2.3 PRUEBA DE INMERSION TOTAL Y ANALISIS ESPECTROSCOPICO

Las muestras reportadas en la Tabla 1 se sometieron a una prueba de inmersion
total en ambiente salino. Para este propdsito, se prepard una solucion al 3%p/p de
sal comun (Refisal) en agua. No se emplearon reactivos grado analitico ni agua
destilada con el fin de simular de una mejor manera el ambiente salino en el mar.
Se utilizaron 3 recipientes de 2L cada uno, sumergiendo las muestras
completamente en la solucion salina, suspendiéndolas de 6 tubos de cobre
usando alambre recubierto (para este fin cada muestra poseia una perforacion de
0.8mm de diametro en uno de sus extremos). Cada muestra fue previamente
lavada con detergente para remover la grasa de su superficie y con etanol
comercial para garantizar una eficiente limpieza de la superficie; ademas, se
determin6 su peso en una balanza analitica (+0.00001g) [30, 31]. Se registré la

hora y el dia en que se sumergieron. Periédicamente, cada dos o tres dias, se
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retir6 una muestra de cada clase (ver Tabla 1), se sometié a un cepillado de su
superficie cuidando remover sélo el 6xido formado, seguido de una limpieza con
etanol comercial y un secado total de la muestra con aire caliente [30, 31] (ver
Anexos B y C). Posteriormente se registré de nuevo su peso y el dia y la hora en
que se retiraron del ambiente salino. Después de ésto, a cada muestra se le
realizd6 un mapeo superficial usando LIBS, realizando cuatro perfiles de
profundidad pulso a pulso con secuencias de 10 pulsos cada una, buscando

analizar diferentes zonas de la muestra.
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3. RESULTADOS Y ANALISIS

3.1 CURVAS DE CALIBRACION DE LAS MUESTRAS DE ACEROS
EMPLEANDO ANALISIS MULTIVARIADO

Utilizando las lineas analiticas mostradas en la Tabla 3, se buscé obtener curvas
de calibracion para los principales elementos constituyentes de los aceros como lo

son el cromo, el cobre, el hierro, el manganeso y el niquel.

En primer lugar, se intentd una calibracion de tipo lineal, es decir, tomar la
concentracion de cada elemento, C;, en funcion lineal de la intensidad (area bajo el

pico) de una de sus lineas analiticas, |; :

Ci:f(li) (1)

Se esperaba entonces una linea recta que pasara por el origen de coordenadas,
pero a causa de los importantes efectos de matriz que se presentan en este tipo
de materiales, se obtuvo una importante dispersion de los puntos en las gréaficas
elaboradas para cada uno de los elementos presentes, como puede verse en la
Figura 7.

Debido a ésto, se plante6 entonces la realizacion de curvas de calibracién
utilizando analisis multivariado. En este caso, la concentracién de un elemento i se

representa en funcion de las n intensidades de las lineas analiticas del cromo, del

hierro, del cobre, del manganeso y del niquel:

C=f (Il 1) )
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Figura 7. Curvas de calibracion lineales para el hierro, cromo, manganeso, cobre

y niquel.
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En su forma mas simple, la ecuacién 2 puede ser escrita como una combinacién
lineal de las intensidades multiplicadas por sus respectivas pendientes, b, mas un

intercepto, by; :
Ci:b0i+zbi|i (3)

Sea C el vector columna constituido por las concentraciones del elemento i en los
aceros certificados (ver Tabla 4); D la matriz de disefio de cuatro filas (cuatro
aceros certificados) por n+1 columnas que contiene las intensidades de las lineas
analiticas; y b el vector columna que contiene los n+1 términos b;, la ecuacién 3

teniendo en cuenta los cuatro aceros certificados se transforma en :
C=Db (4)

El vector b puede entonces ser obtenido utilizando la ecuacién 5:

b

(o'D) " D'C (5)

Mediante el uso de un software elaborado en Matlab (ver Anexo A), se obtuvo el
vector b para cada uno de los elementos en las ventanas donde aparecia alguna

linea analitica de ellos. Las ecuaciones asi obtenidas son:

» Cromo a 340nm:

C

cr= —0.0001

—0.0003I

- +0.0032] +0.0008I
24, 754 $330.597

T3 904 C

Cu, 336.805
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» Niquel a 340nm:

Cy; =1.568*107%1 Clspg 760~ 2.231*10~4 Fesno o5
+4.37*107° Crze s +5.44*10~%) Nia46 165
» Molibdeno a 340nm:
Cpro =-5*107" 1, +1.356*107°1 -,
330.597 336.805
» Cobre a 340nm:
Coy =2993*107 %1, ~6.17*107°1
. 324.754 330.597
+5.67*107°] Chgs aue
» Hierro a 340nm:
Cp, =0.04171 Clipg 760 +0.0014 Fesa0 con +o.0454|Ti334.904
Mer 36 805
» Titanio a 340nm:
Cy; =1.945*107° ~5.92*10~"|
! F330.507 Cr336.805
» Manganeso a 400nm:
Cpppy =251%10721 5 2 ~3.79%1071.
93.367 %396.847
+1.035*10~41 Moz o +38%107°1 S
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> Aluminio a 400nm:

— * _6
CAI =1.394*10 IFe404_582
De las anteriores ecuaciones se puede ver que para el molibdeno, el titanio y el
aluminio su concentracion no depende de ninguna linea analitica propia, lo que
puede atribuirse a la baja concentracion de éstos en el acero en conjunto con los
efectos de matriz. Llamando B; a la suma del intercepto b mas las contribuciones
de los elementos diferentes al elemento i, se puede graficar C; — B; vs. I; . Los

resultados pueden verse en la Figura 8.
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Figura 8. Curvas de calibracion obtenidas por analisis multivariado lineal.
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Como puede observarse, el término B; puede reconocerse como una correccion de
las interferencias espectrales y el efecto de matriz, que fueron entonces
contrarrestados eficientemente usando el andlisis multivariado lineal, ya que se
considera que la concentracion de un determinado elemento no es sélo funcién de
las intensidades de sus lineas analiticas, sino también de las intensidades de las
lineas analiticas de todos los elementos presentes en la muestra. Sin embargo, las
lineas rectas obtenidas, a pesar de tener excelentes coeficientes de correlacion,
no pasan por el origen de coordenadas, lo que puede atribuirse a un pequefio
efecto de matriz que persiste a pesar del tratamiento multivariado. No obstante, las
curvas de calibracion obtenidas por este método, permiten de forma excelente la
determinacion de la concentracion de los elementos constituyentes de un acero en

cuestion.

3.2 PRUEBA DE INMERSION TOTAL Y ANALISIS ESPECTROSCOPICO

Segun la clasificacidbn mostrada en la Tabla 2, existen siete clases de muestras.
De cada una de ellas fue elegida una muestra para analizarla mediante LIBS en el
tiempo inicial de la prueba de inmersion total; éstas fueron la 1, 10, 19, 28, 37 y
51. Las muestras 54, 56 y 57 fueron descartadas por imperfecciones en el
cromado. Los resultados obtenidos al realizar la prueba de inmersion total son
mostrados en la Tabla 5. Los valores conseguidos para las velocidades de
corrosion estan dentro del rango en el que normalmente estan para este tipo de
muestras. Se puede observar también que hay una tendencia en todas las clases
de muestras a aumentar la velocidad de corrosion con el tiempo, lo cual es
comprensible, puesto que a medida que pasa el tiempo la capa de cromado en las
muestra recubiertas y la capa de oxido cromico en los aceros inoxidables, que
constituyen las capas protectoras y pasivantes del material, se hace cada vez mas
pequefa por efecto de la corrosion. Las muestras 58 y 60 fueron las Unicas que
presentaron una ganancia de peso durante la prueba de inmersion total, lo que

puede atribuirse a que ellas sdélo presentaron la formacion inicial del 6xido crémico
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Tabla 5. Velocidades de corrosion obtenidas en la prueba de inmersion total.

Densidad Velocidad de |Velocidad de corrosién
Muestra No. | Area (sz) Tiempo (h) | Peso inicial (g) | Peso final (g) | Delta peso (g) (g/cm3) corrosion (mpy) (g/(mz*h))
2 23,9552 92,16667 27,97516 27,96705 0,00811 7,86 1,61229 0,036732
3 26,3296 139,33333 24,11799 24,10693 0,01106 7,86 1,32328 0,030148
4 17,2898 182,16667 5,45474 5,44474 0,01000 7,86 1,39360 0,031750
5 18,5992 259,50000 5,09000 5,07709 0,01291 7,86 1,17406 0,026748
6 22,6936 303,16667 25,89757 25,87172 0,02585 7,86 1,64920 0,037573
7 18,8386 350,16667 16,20748 16,17800 0,02948 7,86 1,96156 0,044689
8 16,1406 422,81667 22,15100 22,11241 0,03859 7,86 2,48199 0,056546
9 19,8324 422,81667 16,36485 16,32898 0,03587 7,86 1,87759 0,042776
11 20,6066 92,16667 22,10849 22,10281 0,00568 7,86 1,31270 0,029907
12 19,6192 139,33333 21,33854 21,33028 0,00826 7,86 1,32630 0,030216
13 14,9778 182,16667 4,61809 4,60986 0,00823 7,86 1,32397 0,030164
14 16,6054 259,50000 5,47549 5,46226 0,01323 7,86 1,34763 0,030702
15 15,1944 303,16667 4,65948 4,64387 0,01561 7,86 1,48742 0,033887
16 19,825 350,16667 21,42867 21,39525 0,03342 7,86 2,11308 0,048141
17 19,3428 422,81667 16,40063 16,34766 0,05297 7,86 2,84286 0,064768
18 20,0464 422,81667 17,47798 17,42954 0,04844 7,86 2,50849 0,057150
20 7,4903 92,16667 7,22981 7,22674 0,00307 7,86 1,95192 0,044470
21 7,1289 139,33333 6,36794 6,36091 0,00703 7,86 3,10652 0,070775
22 7,4903 182,16667 7,11447 7,10744 0,00703 7,86 2,26143 0,051521
23 6,7199 259,50000 4,81719 4,80713 0,01006 7,86 2,53218 0,057690
24 7,3626 303,16667 7,27511 7,26496 0,01015 7,86 1,99595 0,045473
25 7,3042 350,16667 6,80721 6,79122 0,01599 7,86 2,74408 0,062517
26 7,2458 422,81667 6,63412 6,61970 0,01442 7,86 2,06597 0,047068
27 7,4903 422,81667 7,20591 7,18926 0,01665 7,86 2,30759 0,052573
29 8,4802 92,16667 5,78647 5,78200 0,00447 7,85 2,51349 0,057191
30 9,5978 139,33333 7,09292 7,08523 0,00769 7,85 2,62725 0,057504
31 8,416 182,16667 5,96487 5,95525 0,00962 7,85 2,75772 0,062748
32 9,8748 259,50000 7,07369 7,05957 0,01412 7,85 2,42169 0,055102
33 10,638 303,16667 7,65780 7,63934 0,01846 7,85 2,51559 0,057239
34 9,9998 350,16667 7,10220 7,07674 0,02546 7,85 3,19552 0,072710
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Tabla 5. Velocidades de corrosion obtenidas en la prueba de inmersion total (Continuacion).

Densidad Velocidad de |Velocidad de corrosién
Muestra No. | Area (sz) Tiempo (h) | Peso inicial (g) | Peso final (g) | Delta peso (g) (g/cm3) corrosion (mpy) (g/(mz*h))
35 9,2588 422,81667 6,47263 6,44366 0,02897 7,85 3,25230 0,074002
36 8,0884 422,81667 5,67533 5,65588 0,01945 7,85 2,49951 0,056873
38 7,9648 92,16667 10,61571 10,61009 0,00562 7,85 3,36463 0,076557
39 15,0636 139,33333 11,41233 11,40485 0,00748 7,85 1,56627 0,035638
40 15,7598 182,16667 11,52258 11,51330 0,00928 7,85 1,42062 0,032324
41 15,2008 259,50000 11,48826 11,47378 0,01448 7,85 1,61330 0,036708
42 15,4418 303,16667 11,54400 11,52459 0,01941 7,85 1,82220 0,041462
43 13,5254 350,16667 9,92313 9,90275 0,02038 7,85 1,89116 0,043031
44 14,6134 422,81667 10,93381 10,90459 0,02922 7,85 2,07839 0,047291
45 15,0734 422,81667 11,46424 11,43312 0,03112 7,85 2,14598 0,048829
46 14,092 92,16667 10,53432 10,52926 0,00506 7,85 1,71220 0,038959
47 13,7624 139,33333 10,36018 10,35274 0,00744 7,85 1,70519 0,038799
48 15,105 182,16667 11,66033 11,65096 0,00937 7,85 1,49658 0,034053
49 14,8546 259,50000 11,25121 11,23693 0,01428 7,85 1,62809 0,037045
50 14,8042 303,16667 11,53582 11,51191 0,02391 7,85 2,34133 0,053274
52 15,1974 350,16667 11,72063 11,68506 0,03557 7,85 2,93758 0,066841
53 10,9558 422,81667 7,96487 7,93579 0,02908 7,85 2,75897 0,062777
55 14,9908 422,81667 11,36402 11,32293 0,04109 7,85 2,84911 0,064827
58 6,0741 92,16667 4,91455 4,91474 -0,00019 7,94 -0,14747 -0,003394
59 6,1637 139,33333 5,04541 5,04495 0,00046 7,94 0,23273 0,005356
60 6,0709 182,16667 4,90370 4,90380 -0,00010 7,94 -0,03929 -0,000904
61 5,9995 259,50000 4,87472 4,82462 0,05010 7,94 13,98247 0,321799
62 15,1209 303,16667 14,55903 14,55887 0,00016 7,94 0,01517 0,000349
63 15,3222 350,16667 14,54900 14,54862 0,00038 7,94 0,03077 0,000708
64 29,8313 422,81667 29,98524 29,98482 0,00042 7,94 0,01447 0,000333
65 30,6573 422,81667 29,95886 29,95848 0,00038 7,94 0,01274 0,000293
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pasivante y el tiempo que duraron sumergidas no fue el suficiente para que
sufrieran corrosion; sin embargo, como en las otras muestras no se observo este
comportamiento es posible que estas dos muestras también hayan sido sometidas
a una deficiente limpieza inicial de la superficie, lo que conllevo a errores en la
medicion de la velocidad de corrosion. En general, se puede observar una
marcada ventaja de los aceros inoxidables frente a los recubiertos, como era de

esperarse.

El analisis espectroscopico fue realizado inicialmente en las muestras que no
fueron sometidas a la prueba de inmersién total. A causa de que los perfiles de
profundidad se hicieron pulso a pulso, la intensidad de las lineas analiticas se
redujo hasta tal punto que las lineas de cobre, manganeso y niquel, de baja
intensidad, no fueron detectables en los espectros; por esta razon, y teniendo en
cuenta que los recubrimientos son de cromo, se decidio realizar los perfiles de

profundidad haciendo un seguimiento de la linea analitica de cromo a 336.805nm.

Se observo en los perfiles de profundidad de cromo en las muestras 1y 10 (1y 2h
de cromado) que aproximadamente con un solo pulso laser se removia la capa de
cromado, estabilizandose en las intensidades alcanzadas por disparos sobre el
seno del acero. Se realizaron de igual manera pruebas disminuyendo la potencia
del laser con el fin de no lograr la remocion total del recubrimiento con un solo
disparo, pero se obtuvieron resultados similares. Debido a ésto, se descarto la
posibilidad de hacer un seguimiento espectroscopico de las caracteristicas del
recubrimiento en estas clases de muestras. Los perfiles de profundidad para las

muestras 1 y 10 son mostrados en la Figura 9.

En la prueba de inmersion total se observd en las muestras la aparicion de una
corrosion generalizada en toda la superficie; sin embargo, se noté la presencia de
tres zonas diferenciadas: un 0xido de color negro, un oxido de color amarillo ocre y

una zona en donde a simple vista no hubo la formacion de ningun éxido por efecto
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de la corrosion pero en donde los resultados espectroscépicos arrojaron una
disminucién de la capa de cromado. Las tres zonas pueden verse en una de las

muestras recubiertas con 3h de cromado en la Figura 10.

Perfil de Cromo en muestra 1 Perfil de Cromo en muestra 10

10000

5000 { \
0 ‘ ‘ g

0 5 10 15

Numero de pulsos

10000

5000 - \
0 T ;

0 5 10 15

Namero de pulsos

Intensidad (U.A.)
Intensidad (U.A.)

Figura 9. Perfiles de profundidad de cromo en muestras con 1y 2h de cromado.

Figura 10. Corrosion en una muestra
con 3h de cromado después de 11
dias de la prueba de inmersion total.
(1) Oxido negro; (2) Oxido amarillo
ocre; (3) Corrosion sin formacion de
oxido.

Los espectros tipicos obtenidos en las diferentes zonas son mostrados en la
Figura 11. Como puede verse en la Figura 11a, las intensidades de las lineas del
hierro y del cromo presentan intensidades semejantes, ademas de un aumento de
la linea analitica del hierro a 344.061nm en igual proporcion que la de 330.597nm,
lo que sugiere que el 6xido de color negro debe ser algin éxido de hierro en
presencia de pequefas concentraciones de cromo, puesto que normalmente la
intensidad de la linea del cromo es aproximadamente tres veces mayor que la del
hierro, como puede verse en la Figura 11lc. De esta ultima figura, se puede
concluir que en esas zonas de las muestras sin 0xido aparente, no se presenta
formacion de algun 6xido de hierro sino que se da la pérdida de cromo de la capa
del recubrimiento solamente. La Figura 11b no permite sugerir qué tipo de 6xido
se formo, ya que las intensidades relativas de las lineas del hierro y del cromo se

mantienen; sin embargo, la formacion del 6xido de color amarillo ocre y del éxido
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de color negro hace que se presente un mayor efecto de matriz en la muestra,
causando una notable reduccion de las intensidades de las lineas y, por tanto, de

la relaciéon sefial/ruido.
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Paralelamente a la prueba de inmersion total se analizaron espectroscopicamente
cada una de las muestras con un cromado de 3h, realizando perfiles de
profundidad haciendo un seguimiento a la intensidad de la linea analitica del
cromo a 336.805nm. Los perfiles obtenidos son mostrados en la Figura 12 para el
caso del acero AISI SAE 4340, y en la Figura 13 para el acero ASTM A36.
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Figura 12. Perfiles de profundidad del
acero AISI SAE 4340 con 3h de
cromado. (a) 0 dias de prueba; (b) 4
dias de prueba; (c) 6 dias de prueba;
(d) 8 dias de prueba; (e) 11 dias de
prueba.

las graficas comienzan con una alta intensidad que

corresponde a la concentracién del cromo en la capa de cromado; después de

aproximadamente el pulso 4 ya se ha alcanzado la interfase entre el recubrimiento

y el acero, produciéndose una disminucion en la intensidad hasta el pulso 6. Este

intervalo de pulsos en el que se produce la caida de intensidad puede atribuirse a

las irregularidades presentes en la superficie del acero. Después del pulso 6, se

produce una estabilizacibn de la intensidad de la linea analitica ya que

corresponde a la concentracion del cromo en el acero; de esta forma también se

comprueba la homogeneidad del acero en cuanto a la concentracion de cromo.
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Un andlisis similar puede realizarse con el acero ASTM A36. En este caso, se
observa que sélo en la Figura 13a se nota la presencia de una capa de cromado.
En las Figuras 13b a 13e, al igual que en la Figura 12e, se puede observar que por
efecto de la corrosion sufrida en la prueba de inmersion total el recubrimiento de
cromo ya ha desaparecido, por lo cual sélo se registra en las figuras la intensidad

de la linea analitica correspondiente a la concentracion del cromo en el acero.

Por otra parte, es importante resaltar que, a pesar de haber realizado el proceso
de cromado de igual manera para los dos aceros, el recubrimiento fue mas
efectivo en el acero AISI SAE 4340 que en el ASTM A36, puesto que en el primero

(ver Figura 12) la capa de cromo desaparecio al cabo de los 11 dias de la prueba
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de inmersidn total, mientras que en el segundo dicha capa desaparecié al cabo de

4 dias de prueba (ver Figura 13).

Por dltimo, las muestras del acero AISI SAE 304 presentaron un excelente
comportamiento en la prueba de inmersion total, como era de esperarse segun
referencias anteriores [32, 33]; ésto puede verse tanto en las velocidades de
corrosion muy bajas que se dieron incluso al cabo de 18 dias de prueba (ver Tabla
5), como en los resultados obtenidos al realizar perfiles de profundidad empleando
LIBS sobre este tipo de muestras. Los perfiles de profundidad obtenidos para las

muestras de acero AISI SAE 304 son mostrados en la Figura 14.
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Como puede verse en la Figura 14, las intensidades fluctian cercanas a 30000
cuentas y presentan un comportamiento bastante uniforme a pesar de estar
sometidas las muestras durante 11 dias a la prueba de inmersion total, con lo cual
se pudo comprobar la homogeneidad de este acero en cuanto a la concentracion

de cromo en su superficie y en su seno.
Finalmente, se pudo comprobar que el acero inoxidable AISI SAE 304 presenta un

mejor comportamiento ante medios altamente corrosivos que los aceros al

carbono o estructurales que son sometidos a procesos de cromado.
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4. CONCLUSIONES

La técnica LIBS permite de excelente forma la obtencion de curvas de calibracion
de los principales elementos constituyentes de los aceros utilizando andlisis
multivariado lineal, el cual permite reducir casi en su totalidad el efecto de matriz

presente en este tipo de materiales al realizar analisis espectroscopicos.

Al someter muestras de aceros recubiertos mediante un proceso de cromado a un
ambiente salino, la capa de cromo disminuye paulatinamente por efecto de un
proceso de corrosion general que implica principalmente la formacion de 6xidos de
hierro en la superficie en una forma cada vez mas acelerada. Por su parte, el
acero inoxidable AISI SAE 304 presenta excelente resistencia a este tipo de
ambiente, con velocidades de corrosion muy bajas del orden de milésimas a
diezmilésimas de gramo por metro cuadrado por hora.

La técnica LIBS permite determinar la variacion en el espesor del recubrimiento de
un acero mediante la realizacién de perfiles de profundidad, con lo cual se puede
saber en qué momento la capa del recubrimiento ha desaparecido por efecto del

sometimiento de la pieza ante un ambiente corrosivo.
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5. RECOMENDACIONES

Optimizar de mejor manera los parametros en LIBS, para lograr una
densidad de potencia de los pulsos del laser que permitan realizar perfiles

de profundidad mas finos en recubrimientos muy delgados.

Trabajar con un sistema de deteccion CCD intensificado (ICCD), el cual
permitiria hacer un seguimiento de la concentracion de cada elemento del

acero utilizando analisis multivariado lineal.

Adquirir un niamero mayor de patrones certificados, con concentraciones
mejor distribuidas dentro de un amplio intervalo, a fin de obtener resultados

mas Optimos en el proceso de cuantificacion.

Automatizar el equipo LIBS, empleando un sistema con fibra 6ptica FO —
LIBS (este sistema permite la transmision del pulso laser hacia la muestra
asi como la recoleccion de la emision de ésta para su posterior
tratamiento), con el fin de poder simular analisis espectroscopicos in situ y
en tiempo real de equipos en plantas industriales o de materiales sometidos

a ambientes corrosivos.
Utilizar un equipo de Microscopia Electrénica de Barrido (SEM), con el fin

de determinar la distancia que se perfora por cada disparo laser, que a su

vez permitiria saber el espesor de la capa del recubrimiento.
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ANEXO A. PROGRAMA EMPLEADO EN LA OBTENCION DE LAS CURVAS DE
CALIBRACION POR ANALISIS MULTIVARIADO LINEAL

clc; clear all;

%Programa para llenar la matriz X

disp('Llenado de la matriz X");
n=input('Digite el numero de filas: *);
m=input('Digite el nimero de columnas: ");
X=zeros(n,m);
for i=1:n
disp(‘Fila ");
disp(i);
for j=1:m
disp(‘Columna ");
disp(j);
X(i,j)=input('Digite el valor en la posicion: *);
end
end
disp(" );
disp('La matriz X es: ');
disp(" );
disp(X);

%Llenado vector y

disp('Ahora dé los valores del vector y');

for i=1:n
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disp(‘Fila *);
disp(i);
r(i)=input('Digite el valor de esta posicion: ‘),
end
disp(");
disp('El vector Y es: "),
disp(" ");
Y=r';
disp(Y);

%Armado de la matriz D

u=m;

D=ones(n,u+1);

for i=1:m
D(L:n,i+1)=X(1:n,);

end

disp(");
disp('La matriz D es: '),
disp(' ");
disp(D);

%Determinacion del vector b

b=D\Y;
disp(");
disp('El vector b es: '),
disp(b);
disp(");
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%Calculo del error total

yc=D*b;

for i=1:n
error(i)=(yc(i)-Y(©)).*(yc(i)-Y(0));

end

etot=sum((yc-Y).*(yc-Y));

disp(" );

disp('Los ycalc son: ");

disp(yc);

disp(" );

disp('El error para cada y es: ");

disp(error);

disp(");

disp('Error total: *);

disp(etot);

plot(yc,Y,--ro")

yc=Y;

hold on

plot(yc,Y,'-bs")

hold off
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diasely foillovsiig e & indcates the year of originad

adoption o, i the ceee of revision, The year of last reviseon. A auimber i parendieses mdicaizs the year of last reapproval A supeestinpt
epatlon (&) indicatzs an ediional casge since the last revision of reappeoval.

&' Mors—Editorz] comections wars mads throughes: m Jamuasy 1999,

1. Scope

1.1 This pracrice covers suggested procedurss for preparing
bare, solid metl specimens for tests, for removing comosion
products after the test bas been completed, and for evalnating
the coaresion darnaze that has ooourred. Emphasis is placed on
procedures related to the evalnzdon of comosion by mass loss
and pitting measurements.

Nom 1—Cawtion: In mrzy cases the commosioz prodact on the reactive
mgtals Staniom and mircomiem is 2 bard and tightly bonded oxide fhat
dadies rezoval by chamical or ardizary meckanical means. In mazy such
CA545, COIrDSION Tates are established by mass gain mather than mmass loss.

1.2 This srandard does noi purpors to address all gf the
sqfedy concerns, [ awy associared with it wse It is the
responzibility of the user af this mtandard fo establish apore-
priate sgfedy and health praciices and devermiime the appiica-
Wility af repulavory fimitations prior fo use For specific
PrECAntionary statsments, sse MNote 1 and Mot &

2. Referenced DMcuments

2.1 ASTM Stanmdards:

A 262 Pracrices for Detacting Susceptibiliny to Intersram:-
lar Awack m Auvstenitic Stainless Steals”

D 1193 Specification for Reagen: Water'

¥ 1384 Test Method for Corrosion Test for Engine Coolants
in Glaszware’

L2776 Tast Matbhods for Corrosiviry of Water in the Ab-
sence of Heatr Transfer (Electrical Methods)®

& 15 Temminology Felating to Corrosion and Corrosion
Testing®

& 14 Guide for Applying Statstcs to Anslysis of Cormosion
Dhafa®

' This practics is mder the jebsdcton of ASTM Commitie: (-1 on Comosion
of Metals and is Ow disect pesponsibilicy of Subcominimes G105 on Latoraiory
Cormoaion Tests.

Curvent sdtion spproved March 30, 1990, Publahed By 1990 Oeiginally
published s 51 - &7 Last previoos edition G 1 - .

* Annsed Book of ASTA Seawdarck, Vol 01.03,

" Annscd Book of ASTR Seamdarch, Vol 11,01,

* Annsed Book of ASTA Seardarck, Vol 15.05,

" Disvontinged— Replaced by Csde 96, See J980 dnnval Book of ASTM
Secrukeeds, Vel T0E

* Annsed Book of ASTA Seawdarck, Vol 03,02,

G 31 Practice for Laboratory [numersion Corresion Tastng
of Metals®

G 33 Practice for Fecording Data from Anncsphenc Cor-
rosion Tests of Metallic-Coated Steal Specimens®

G 46 Guide for Exsmination supd Evalnation of Fiming
Coarosion®

G 50 Practice for Conducting Atmeosphenc Comosion Tests
on Metals®

G 78 Guide for Crevice Corroston Testing of Iron Base and
Mickal Base Stxipless Alloys in Seawster and Orcher
Chloride-Containimg Agueons Environments®

3. Terminclogy
3.1 Sze Terminology G 15 for terms used in this pracice.

4. Significance and Use

4.1 The procedures given are designed to remove comosion
products withour siznificant remeoval of base metal. This allows
an acourate determination of the mass loss of the metz] or alloy
thar acowrred during exposure to the comosive ewvirommsant.

4.2 These procadures, in some cases, may apply to metal
coatinzs. However, possible effects fom the subswate must be
considered.

£ Feagents and Materials

5.1 Purity gf Reagenis—Feagent grade chemicals shall be
nused in all tests. Unless otherwise indicatad, it is intended that
all reagents confonmn to the specifications of the Commimes on
Analytical Feagents of the American Chemical Sectety where
such specifications are available " Other zrades may be usad,
provided it is first ascertamed that the reagent is of sufficienthy
high purity to pemuit its wse without lessening the acouracy of
the derermination.

5.1 Purity af Water—Unless otharwise mdicared, refarences
o water shall be understood to mean reagent water as defined
by Type IV of Specificarion D 1193,

T Rungent Chimicals, Americor Chomival Sociny Seciications, Amesicen
Chemucad Society, <7 For on The testing of reagents not
lsied by the Amencan Chemical Soety, se dnaler Suandordy for Laboraion
Chaoricals, BIOH Led, Fools, Darset, 1K, and e Dsitad Suter Pharmacopela
and Nationa! Foremiary, ULE Plamacopenal Comvention, Ine. (USPCL Rockville,
L2,
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6. Methods for Preparing Specimens for Test

6.1 For laboratory corrosion tests that simulate exposure to
service enviromments, a commercial surface, closely resem-
bling the one that would be used m service, will yield the most
meammgful results.

6.2 It1s desirable to mark specimens used in corrosion tests
with 2 wmque designation dunng preparanon. Several tech-
nigues mav be used depending on the tvpe of specimen and
test.

6.2.1 Srencil or Sramp—Dlost metallic specimens may be
marked by stenciling. that 15, miprinting the designation code
wmto the metal surface using hardened stzel stencil stamps hit
with a hammer. The resultng imprint will be visible even after
substantial corrosion has occwrred However. this procedure
mtroduces localized smamed regions and the possibility of
superficzal iron contanunation i the marked area.

6.2.2 Electric engraving by means of a vibratory marking
tool may be used when the extent of comosion damage 13
known to be small. However. this approach to marking 1s much
more susceptible to having the marks lost as a result of
corroston damage during testing.

6.2.3 Edge notching 15 especially applicable when extensive
corroston and accumulation of comresien preducts 1s antcl-
pated. Long term amuosphenc tests and sea water mmersion
tests on stzel allovs are examples where this approach 15
applicable. It is necessary to develop a code svstem when using
edge notches.

6.2.4 Dnlled holes may also be usad to identfy specimens
when extensive metal loss, accunmmlanon of corrosion products.
or heavy scaling 15 anticipated. Dnlled holes may be simpler
and less costly than edge nowching. A code system must be
developed when using drilled holes. Punched holes should not
be used as they mtroduce residual sTam.

6.2.5 When 1t 15 undeswrable to deform the surface of
specimens after preparation procedurss, for example. when
testing coated surfaces. tags may be used for specimen identi-
fication. A metal or plastie wire can be used to attach the tag o
the specimen and the specimen identficanon can be stamped
on the taz. It is mmportant to ensure that neither the tag nor the
wire will corrods or degrade in the test envirenment. It 15 also
unportant t¢ be sure that thers are no galvanic interactions
between the tag, wire. and specimen.

6.3 For more searching tests of erher the metal or the
environment. standard surface finishes may be preferred. A
suitable procedure might be:

6.3.1 Degrease in an organic selvent or hot alkaline cleaner.
(See also Practice G 31.)

“r

o8 2—Eot alkalies aud chlorinated solvents may attack some metals.
w8 3—Ulassonic cleaning may be beneficial i bofh pra-test and
post-rest cleaning proceduras

6.3.2 Pickle in an appropnate solution if oxides or tamush
are present. In some cases the chemical cleaners described in
Section 6 will sufice.

Mome ——Picklis mav cavse localized corrosion on some materials

6.3.3 Abrade with & shuty of an appropriate abrasive or with
an abrasive papsr (see Practices A 262 and Test Method
D 1384). The edges as well as the faces of the specimens
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should be abraded to remove burs.

6.3.4 Rinse thoroughly, hot air drv. and store in desiccator.

6.4 When specimen preparation changes the metallurgical
condition of the metal, other methods should be chosen or the
metallurgical condition must be corrected by subsequent treat-
ment. For example, shearing a specimen to size will cold work
and may possibly fracture the edges. Edges should be ma-
chined.

6.5 The clean. dry specimens should be measured and
weighed. Dimensions determined to the third sigmficant fizure
and mass detemumed to the fifth sigmficant fizure are sug-
gested. When meore sigmflcant figurss are avallable on the
measuring msmuments. they should be recorded.

7. Methods for Cleaning After Testing

7.1 Corrosion product removal procedures can be divided
into three general categories: mechanical, chemical. and elec-
trolytic.

7.1.1 An ideal procedure should remove only corrosion
products and not result in removal of any base metal. To
determine the mass loss of the base metal when removing
corrosion products. replicate wncorroded control specimens
should be cleaned by the same procedure being used on the tes:
specimen. By weighing the control specimen before and after
cleanmg. the extent of metal loss resulting from cleaning can
be utilized o comect the corrosion mass loss.

o S—It 15 desizable to scrape samples of corrosion products before
using aoy chemical rechniques 1o remove them, Thase scrapings cax then
be subjected to vanous forms of analvies mcluding perhaps X-ray
difraction to deremuive crvsmal forms as well a5 chemical analyses 1 look
for specific corrodants, such as chlondes. All of the chemical rechniques
that are discussed m Section 7 tand to dastroy the cormroston product: and
thereby lose the miormaton conrameed in these corosion products. Cars
may be raquirad so thar uncorroded meral 15 zot ramovad with the
corrosion producs.

7.1.2 The procedure given in 7.1.1 may not be reliable when
heat ily corroded specimens are to be cleaned The application
of replicate cleamng procedures to specimens with corroded
surfaces will often, even in the absence of corrosion produects,
result m contnuing mass losses. This 15 because a corroded
surface, pa"lcu.la:l\' of a multiphase allov. 15 often more
susceptible than a freshly machined or poh:hed surface to
corrosion by the cleaminz procedure. In such cases. the
following method of de'enmmnﬂ the mass loss due to the
cleanmg procedure 15 preferred.

7.1.2.1 The cleamng procedure should be repeated on speci-
mens several nmes. The mass loss should be deternuned after
each cleaning by weighing the specimen.

7.1.2.2 The mass loss should be graphed as a function of the
number of equal cleamng cveles as shown in Fiz. 1. Two lmes
will be obtamed: AB and BC. The latter will comrespond to
corrosion of the metal after removal of corrosion products. The
mass loss due to corresion will comespend approximately to
pount B.

7.1.2.3 To mimmize wncertainty assoctated with corrosion
of the metal by the cleaming method. a method should be
chosen to provide the lowest slope (near to honizontal) of line
EC.

7.1.3 Repsated treamuent mav be required for cowmplete

o
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Mass Loss

Number of Cleaning Cycles
FIG. 1 Mass Loss of Corroded Specimens Resulting from
Repetitive Cleaning Cycles

removal of comosion products. Removal can often be con-
fimmed by exanunation with a low power microscope (for
example. 7x to 30x). This 15 particularly useful with pitted
swrfaces when corrosion products may accumulate in pits. This
repeated weatment may also be necessary because of the
requirements of 7.1.2.1. Following the final meatment. the
specimens should be theroughly nnsed and mmediately dried.

714 All cleaning solutions shall be prepared with water
and reagent grade chemucals.

7.2 Chemical procedurss mvolve immersion of the come-
sion test specumen in a specific solution that iz designed to
remove the corrosion products with minimal dissolunon of any
base metal Several procedures are listed in Table Al.1. The
choice of chemucal procedure to be used is parily a marter of
mial and error to establish the most effective method for a
specific metal and tvpe of corrosion product scale.

More 6—Caution: These methods may be bazardous to personpel

7.2.1 Chemical cleaning is often preceded by light brushing
(nen metallic bristle) or ulrasonic cleanmg of the test speci-
men to remove loose, bulky corrosion products.

7.2.2 Intermitrent removal of specimens from the cleaning
solution for light brushing or ulmasonic cleanmgz can often
facilitate the removal of tightly adherent corrosion products.

7.2.3 Chemical cleamng is often followad by light brushing
or ultrasomic cleaming in reagent water to remove loose
products.

7.3 Electrolvtic cleaning can also be unlized for removal of
corroston products. Several useful methods for corrosion tes:
specimens of iron, cast iron, or steel are given i Table A2.1.

7.3.1 Electrolvtic cleaning should be preceded by brushing
or ultrasomic cleanmg of the test specimen to remove locse.
bulky corrosion products. Brushing or ulmasome cleaning
should also follow the electrolytic cleaning to remeve any
loose shme or deposits. This will help o muinmuze anv
radeposition of metal from reducible corrosion products that
would reduce the apparent mass loss.

7.4 Mechanical procedures can mclude scraping. scrubbing.
brushing. ultrasonic cleanmgz. mechanical shocking, and im-
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pact blasung (for example, gnt blasting. water-jet blasting, and
so forth). These methods are often utilized to remove heavily
encrusted corrosion products. Serubbing with a nonmerallic
bristle brush and a nuld abrasive-distilled water shury can also
be used to remove corrosion products.

7.4.1 Vigorous mechanical cleaning mav result in the re-
moval of some base metal: therefore. care should be exercised.
These should be used only when other methods fail to provide
adequate removal of corrosion products. As with other meth-
ods, comrection for metal loss due to the cleaning method 13
reconumended. The mechanical forces used mn cleaning should
be held as nearly constant as possible.

8. Assessment of Corrosion Damage
8.1 The munal total suwrface area of the specimen (making
corrections for the areas associated with mounting holes) and

the mass lost during the test are determined. The average
corrosion rate may then be obtained as follows:

Corrosion Rate = (K % W)id « T x D) (1)
where
K = aconstant (see 8.1.2).
T = nume of exposure in howrs,
A = areamcm,
" = mass loss in grams, and
D = denaity m glem” (zes Appendix X1).

2.1.1 Comrosion rates are not necessarily constant with time
of exposure. See Pracnce G 31 for further quidance.

212 Many differsnt wnits are used to express corrosion
rates. Using the units in 7.1 for T A4 77 and D' | the comrosion
rate can be calculated m a variety of wuss with the following
appropriate value of I

constant (X In Comosion

Corrosien Rate Unis Deslrad Rate Equation

milg per y2ar (mpy| 3.48 x 10%
Inches per year (ipy) 345 % 10°
Inches ger manth (lom) 287 % 10F
millimeters per year (mmiy) 8.76 x 10*
micTomelers per year (Lumy) &TE = 107
plcometers per second (pMis) 278 x 10°
Qrams per 5quare metsr per hour (gimTn) 100 % 10°% D
milligrame per square gecimeatsr per day (mdd) 240x 108 % D

MICTODrAME per $34are meler per second (LT s 278X 105% D

Mome T—If desired. theze constanrs meay 3lso be used o comvarr
corrosion rat2s from ope set of veits to suother. To convert a comosion rare
i veirs X to @ rate dnueits ¥, multply by £E for exampla.

1Smpy = 15 % (278 % 10703.25 # 10%) pms 23

2.2 Corrosion rates calculated from mass losses can be
nmusleading when detenoration 15 highly localized. as m prtting
or erevics corrosion. If corrosion 1s in the form of pitang. i
may be measured with a depth gage or micrometer calipers
with pomnted anvils (see Gude G 46). Microscopical methods
will determune pit depth by focusing from top to bottom of the
pit when it 15 viewed fom above (using a calibrated focusing
knob) or by examining a section that has been mounted and
metallographically polished. The pinng factor 15 the rato of
the deepest metal penemraton to the average metal penstration
{as measurad by mass loss).

More 3—See Guide G 46 for muidance e evaluaneg depths of piming.

Nore 9—5See Guide G 78 for guidance w evaluaning crevice comesion.

2.3 Other methods of assessing corrosion damage are:
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231 Appearance—The degradation of appearance by mst-
ng, tamishing, or oxidation. (Ses Practice G 33.)

8.3.2 Mechanical Froperfies—An apparent loss in tensile
strength will result if the cross-sectional area of the specimen
{measurad before exposure to the corrosive environment) is
reduced by comoston. (See Practice G 30 Loss in tensile
strength will result if a compositional change, such as dealloy-
mg taking place. Loss mn tensile strength and elengation will
result from localized attack, such as cracking or intergranular
COTTOSION.

833 Electrical Properties—Loss in electrical conductivity
can be measured when metal loss results from uniform
corrosion. (See Test Methods D 2776

834 Microscopical Examination—Dealloving. exfoliation,
cracking, or misrgranular attack may be detected by metallo-
graphic examination of swtably prepared sections.

9. Report

9.1 The repert should mclude the compesitions and sizes of
specimens, their metallurgical conditions, surface preparations,
and cleaning methods as well as measures of comosion
damage, such as corrosion rates (calculated from mass losses),
maximum depths of pitting, or losses im mechanical properties.

10. Precizion and Bias

10.1 The factors that can produce emors in mass loss
measurement include improper balance calibration and stan-
dardization. Generally, modem analytical balances can deter-
mine mass values to =02 mg with ease and balances are
avzilable that can obtan mass values to £0.02 mz. In general,
mass measurements are not the hmiting factor. However,

inadeguate comrosion product removal or overcleamng will
affect precision.

10.2 The determination of specimen area is nsually the least
precise step In cormosion rate determmations. The precision of
calipers and other length measuring devices can vary widely.
However, 1t generally i1s not necessary to achieve better than
*1 % for area measurements for corrosion rate purposes.

10.3 The exposurs time can usually be controlled to better
than* 1% in most laboratory procedures. However, m field
exposures, corrosive conditions can vary significantly and the
estimation of how lemg comosive conditions emisted can
present significant opportunities for emmor. Furthermeore, corro-
slon processes are not necessartly linear with time, so that rate
values may not be predictive of the future deterioration, but
only are mndications of the past exposure.

104 Eepgression analysiz on results, as are shown m Fig. 1,
cen be used to obtain specific information on precision. See
Guide G 16 for mors mformation on statistical analysis.

105 Bias can result from inadequate comosion product
removal or metal removal cansed by overcleammg. The use of
repefitive cleaning steps, as shown m Fig. 1, can minimize both
of these errors.

10.5.1 Corrosion penetraticn estimations based on mass loss
cen seriously wnderestimate the comosion penetration caused
by lecalized processes, such as pitting, cracking, crevice
corrosion, and so forth.

11. Kevwords
11.1 clezning; corrosion product remeval; evaluation; mass
loss; metals; preparation; specimens

ANNEXES

(Mandatory Information)

Al. CHEMICAL CLEANING PROCEDURES

TABLE A1.1 CHEMICAL CLEANING PROCEDURES FOR REMOVAL OF CORROSION PRODUCTS

Ciesignation Katerial Salutian Time Temperature Remarks
C11 Alminum and Al- 50 mL phasphaorie acld (H.PO,, 5p gr 1.59) 5 to 10 min 30°C o Boling I comoslon product Sims remaln, rinse, then
minum Alleys 20 g chromium taxide {Cros) follow with nifric ackd procadure (C.1.2).
Seagent water fo make 1000 mL
c1z NIt acld (HNO,, sp ar 1.42) 1105 min 2010 25°C Remove exfanecus degosits and bulky
cormasion preducts fo avold reactions that
may result I excessive removal of base
metal.
c21 Copper and Copper 500 mL hydrochigrc acld (HCL spgr 1.19) 1 0 3 min 20 to 25°C Deaeration of salution with punfisd nitrogen
Alloys Reagent water fo make 1000 mL wil minimize base metal remosal.
c22 4.9 g sodium cyanide (NaCH) 1o 3 min 20 to 25°C Removes copper sullde cormasian products
Reagent water to mase 1000 mL that may not be removed by Rydrochionc
acid treatment (C.2.1).
c23 100 mL sulfuric acld (H,50,, sp gr 1.84) 1o 3 min 0 to 25°C Remove bulky corrosion products befora
Reagent water fo maxe 1000 mL treatment to minimize copper redeposiion
N EPECiMEn BUrface.
C24 120 mL sulfuric acld (H.S0,, sp gr 1.84) Sio10s 20 to 25°C Removes redepasited copper resuling from

30 g sodium dichromate (NazCra0-2H:0)
qEEEEﬂt water to make 10310 mL

sul*uric acld treatment.
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TABLE A1.1

Continued

Sesignation

Maleria

Solution

Time

Temperatire

Remarks

(8]

(3]

(3]

(3]

(3]

(3]

O

(3] (3]

(3]

o

(3]

(3]

(3]

(3]

(3]

(3]

3]

(]

(e

o

o

(X3

Iron ang Steel

L2ad and L2ad Aloys

Magnesium ano Mag-
neslum Alloys

Nickel and Nickal
Alloys

Slainiess Sleels

Tin ard Tin Aloys

54 mL SUUNG 3cid (K450, 5p gr 1.84)
Reagent water to maxe 1020 mL

1030 mL nydrecnioriz acid (HCI, sp g7 1.19)

20 g antimony wnoxide (Sb;04)
50 g s:annous chioride (SnClkz)
$0 g sodum hydraxide (N3OH}
200 g granuiated zinc or Zinc chips
Reagent water to maxe 1020 mL
200 g s0qum hycroxide (NaOH)
20 g granuiated zinc or 2ing ¢ips
Reagent water fo make 1020 mL
200 g clammonium citratz
[(NH 1}2H CgHa02)
R2agsnt water 10 maks 1020 mL
500 mL nydrochioric aclg (HCI, sp gr 1.19)
3.3 ¢ nexamethylene telramine
R2agsnt water 10 masks 1000 mL
Moltzn caustic 5033 (NaOH) with
1.5=2.0 % s0dlum nydride (MaH)

10 ML 3c€s 3043 (CH,CO0H;

Reagent water 10 make 1000 mL

50 g ammonium acetate (CHCOONH )
Rezagent water 10 make 1020 mL

250 g ammonlum acatate (CHL,COONH )
Reagent water 1o mase 1000 mL

150 g chromium Irioxige (Crds)
10 g sllver chromate (Ag,Trd,)
Reagant water 10 make 1000 mL
200 g chromium Irioxide (CrO )
10 g sllver nirate (AgNQ,)

20 g barum nirate (Sa(MO4k)
Re2agsent water to mase 1020 mL

150 mL nydrochicric aclo (HCL sp gr 1.19)
R2agsnl water 1o masks 1020 mL
100 mL suturic acld (4,50, $p gr 1.82)
Rzagenl water to maks 1020 mL
100 mL nitric acld (HND,, &p gr 1.22)
R2agsnt water 1o maks 1020 mL
157 g clammonium cltrate
[INH 415 CaHa05)
Rezagent water fo mase 1020 mL
100 g cltric acl (CHaC5)
50 mL sulfuric acid (H;50,, sp gr 1.84]
2 g Inhigitor (dorthotolyl thigursa or
quinoine ethylodide or betanaphihs
quiraing)
Reagent water 10 make 1000 mL
200 g sodium hygroxide (NaOH)
30 g potassium permanganate (KMnO,)
Reagent water fo mase 1020 mL
folzweo oy
100 g clammonium cltrate
[(NH }aHCgHa02)
Reagent water to mase 1020 mL
100 mL nitric acld (4NO,, gp gr 1.22)
20 mL rycrofiuoric acid (HF, sp gr
1.135-43 %)
Reagsent water 1o mase 1020 mL
200 g sodium hyaroxide (NaCH)
50 g Zinc powder
Rzagent water 1o mase 1020 mL
150 g trisogium phosphate
(N3 PO 12R00
Rzagenl water 10 maks 1020 mL
30 mL hyorochlonc acid (HCI, sp gr 1.13)
Rzagenl water 1o mase 1020 mL

30 te 60 min

110 25 min

o

0 te 4C min

0 to 4C min

i

20 min

12 min

130 20 min

11t 3 min

130 3 min

20 min

10 te €0 min

S min

£ to 20 min

20 min

10 min

12 min

401w =0°C

2010 25°C

2010 20°C

2010 20°C

T3l 20°C

20 1o 25°C

7

Bolling

01t 70°C

2010 70°C

Solling

2010 25°C

Bolling

2010 25°C

Soliing

Bolling

20°C

Deasrale souTicn with nitrogen. Srushing of
tesl specimens o remove corosion
progucts followed by ra-iImmersion for 2 to
4 § Is recommended

Scluton should be vigorousy slirred or
spacimen should De Trushed. Longer limes
m3y be raquireg I centaln Instances

Caution should be exercised In the use of
any zinc gust since spontareous ignition
upon exposure ko @r can coour.

Caution gnould be exercised In the use of
any 2inc gust since spontansous ignition
upon exposure ko @r can ooour.

Depsading vpon the composiion of the
corrosion product. attack of base melal
may ocour,

Longer Times may be required In certan
gtchlet

For datalls refer 12 Technical Infarmation
Bulletin SF29-270, "DuPont Scdium
tiyaride Descaing Process Cperating
Irslructiors.”

The siver gail Is present to pracipitats
chiorige

The barium €3lt [s pressnt w0 pracigitats
suifate.

Cautlon ghould be exercised In the use of
any zinc gust since spontansous gnition
upon exposure to @ can ocour.
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TABLE A1.1 Continued

Cesignaticn Malera Solution Time Temperature Remarks
ce1 Zinc and Zinc Alicys 150 mL ammaonium hydroxide (NH,OH £ min 2010 25°C
&p gr 0.50)
Reagent water 10 make 1020 mL
folowea by
50 g chromium trioxige (Cro,) 15t020s Bolling The siver nitrate should be disscivad In walter
10 g shver nirate (AgND,) 300 3dezd 1o Ine Dolng chromic acld 1o
Reagent waler to make 1000 mL prevent excessive crystalizalion of siver

chromale. The chromic acld must be
sul*3te *ree to avold 3tlack of e zinc ase

mei3
cezl 100 g ammenlum chiorige (NH,Cl) 205 min 70°C
Rezagent water 10 mase 1070 mL
cel 207 g chramium Irioxide {CrO.) 1 min a0*C Chiloride contamination of the chromic aclo
Reagent water to maxe 1010 mL from comesion preducts formeg 0 osait
nvironmanis shoud be avolgsd lo orevert
3tack of the Zinc base meta
czd 35 mL hyoriogic ackl (1. sp or 1.5} 15s 2010 23°C Seme Zinc base melal may be removed. A
Rezapent water 10 maks 1020 mL contral specimen (2.1.7) ghoud b
employed
Cas 100 g ammanium persuifate ((NH,1.5;0.0  Smin 0o 23°C Partcularty recommenced for galvanized
Reagent water to mase 1010 mL sleg
C2E 100 g ammanlum 3c2t32 (CHL,COOMH ) 2% 3min 70t

Reagant water 10 make 1020 mL

Al ELECTROLYTIC CLEANING PROCEDURES

TABLE A2.1 ELECTROLYTIC CLEANING PROCEDURES FOR REMOVAL OF CORROSION PRODUCTS

Cesignation Material Solutien Time  Temperaure Remarss
2141 ron, Cast iron, Stes TE g sodlum nydroxlds (MacH) 2010 40 min 200 25°C  Catnhogie treatment with 100 te 200 Aim? cur-
2T g sodum suffate (NayS0y,) rent density. Ug2 carbon, platinum or stanless
7% g sodlum carponase (Na,C0.) steel anode.
Feager: water to make 1000 mL
E1.2 23 mL suifuric aclo (H.50,, &p or 1.54) 3Imin 7S Catnooic treatmant with 2000 A currznt den-
0.5 g Innibltor (diorhotely! thiourea or sty Lse carbon. plalinum or l2ad anods
quinglire ethyliodide or petanaphiol
qunaing;
Feager: water to make 1000 mL
£1.3 100 g diammanlum citrate 5 min 200 25°C  Catnooic treatment witn 100 A'm? current der-
(INH: sHCeHC =) sty Lse carbon or glalinum anode.
FReager: water to make 1000 mL
2241 Lead and L=ad Aloys I3 mL sulturic aclg (H.S0,, sp gr 1.34) 3 min TEWC Catnogle treatmant with 2000 A/m? currant den-
C.£ g Innibtor (diornataly! thlourea or sty Lse carbon. plalinum or 12ad anods
quincline ethyliodide or setanaghthol
quinoling}
Feager: water to make 1000 mL
£.341 Copoer and Copper 7.5 g patassium chioride (KCI) 1103 20% 25°C  Catnogic treatmant with 100 A'm® current den-
Alloys Feagen: water to make 1000 mL sty Use carbon or glalinum anode.
£21 2Zine and Cagmurm €0 g Jbasic sodum phogphate (Na;=FO, IS min rita Catnogis treatment witn 110 A'm? cument ten-
Feager: water to make 1000 mL SRy Specimen must be energlzea prior 1 Im-
mersion. Use carbon, plalinum or stalniess
slesl anode.
E&2 100 g sodium nydroxids (N2OH| 113 2 min 2032 25°C  Catnooic treatmant with 100 A'm® current der-
Feagen:t water to make 1000 m. sty. Specimen must be energlzea prior & Im-
mersion. Use carbon, pialinum or stalniess
stesl anode.
£.541 General (excluding Alu- 20 g sodlum nydroxlds (NacH) Sle I min 200 28°C  Catnooic treatmant with 300 A'm= current den-
minum, Magnesium Feagent water to make 1000 mL sty A 521607 stainless stzel anooe may be
and Tin Alloys) uses.
6
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TABLE X1.1 DENSITIES FOR A VARIETY OF METALS AND

Mome ]—ALLUINS munmbers that include tha lamer X indicate a senes of

i c1

APPENDIX
(Nonmandatory Information)

X1. DENSITIES FOR A VARIETY OF METALS AND ALLOYS

ALLOYS TABLE X1.1 Continued

AlLTnam Alloys

UNS Mumber Alloy Dersity gicm?
numbers under oae category.
. .. . . : Sliizon Iron (1]
Note 2—An astensk indicates that a UNS oumber not avatlable. KXKX XK Low 3lioy stzels 7.85
Copper Alloys
Aluminum Alloys C38800 Copper 3.94
- B ) ©23200 Red orass 230 375
UNS Nambe Alloy Dersty giem £26200 Cartriage brass 250 .52
AE1100 1100 271 C28200 Munlz matal 230 &30
AB1199 1192 270 : Acmiralty 242 asz
AS2024 2022 278 C24200 Agmiralty 243 852
AG2219 2219 234 C44400 Aomiralty 244 a.sz
AB3003 3ocz 273 24500 Aomiralty 245 a.52
A22004 3004 272 CEETo0 Alumirum brass £37 333
ABEDDS soos 270 223200 Commercial tronze 220 830
AR50 5083 269 C60200 Alumirym bronze, 5 % €08 316
ABEDSZ 5082 258 : Alumirum bronze, & % €12 7.78
ABZO&2 5083 256 ’ Compositon M 345
ALE0EE S0es 2486 : Composlton G 8Ty
AES154 5154 246 C51000 Pncsphor oronze, € % $10 .86
ABE3ST 5387 2489 S32200 Pnosphar bronze, 10 % £24 -hr
ALTadd 482 2489 ’ 35-5-5-5 330
ABEL5E S4gs 266 CE5500 Silicon pronze 655 as2z
ABEDG1 G061 270 70800 Copper nickal 706 324
! 5062 270 C71000 Copper nickel 710 534
ASEOTD S070 271 C71E00 Coppernickel 713 sa4
ABE101 6101 270 C75200 Nickel sliver 752 a7s
ABTOTS 707E 281 ead
AETOTvE 7073 275 LS2305-53405 Antmonia 2.80
ASTI7E 7178 233 LEXXMX Chemical 1.33
Stalnizgs Sizele Micks! Alloys
sz01oc Type 201 T2 MO3Z200 Nickel 20C as9
520200 Type 202 794 MD4430 Nickel copper 200 384
530200 Type 202 T34 MO&£00 Nickel chromium ror alioy £00 K
530400 Type 204 T MOEE235 Nickel chromium molybdenum aloy 625 EXFS
333202 Type 204L Tas MO&323 Iron nickel chromium 3lloy €23 3.14
530900 Type 209 798 Ma&Z20 Iron nickel chromium alloy 20 Cb-2 3.08
S3100C Type 210 798 : Iron nickel chromium cast alioy 2C 3.0z
331100 Type 211 798 M10253 Nickel maiybdenum aloy 82 22
531600 Type 216 Tag M102TE Nickel chromium meaiybdenum aloy 8.8
331803 Type 21EL 728 C-27e
531700 Type 217 T8 MO&333 Nickel chromium meoiybdenum aloy G-2 8.3
Siaoc Type 221 T Cther Matals
532900 Type 229 798 M 10K Wagnesium
N30 Type 230 798 RO3£00 Malyodenum
S34700 Type 227 303 PL4382 Platinum
41000 Type 410 PCTO1E Sliver
42000 Type 430 RrRO5200 Tantalum
44500 Type 426 L1200z ™
580200 Type 502 R50250 Tizanlum
Olner Famous Matals 2130 Zinc
FIXNEX Gray caslt Iren 7.20 R&E0201 Zlrzonlum
GREX =K EXNEX Carbon stsel 7.36

The Ameriean Jockely for Tesiing and Matenals 1akes no position réspecting the valaily &f any patent nghis asserted In connectien
with any fem mentionad i thls slanoara. Usars of thls stanoard are expressly advised that oetermination of me valaly of any such
patent rights, and the risk of niringement of such rights, are entirely thelr own responsbiity.

This standaro is sublect 10 revision 3! any fime Dy ihe responsidie fecnnical com N0 must be reviewed every Tve years and
ot revised, elther raapproved or withadrawn. Your comments are knyited eitmer for revision of inis standard or for 300!%onal standards
ang shouit be acdressed o ASTM HeaaQuarters. Your comments Al recelve careful consideraiion 31 3 mesting of tne responsitie
fechnical commiriee, which you may aftend. If you feel a! your commenis fave nol recelved 3 falr heamng you shouly make your
wiews enpwn o the ASTHM Commiites on Stancaras, 100 Sar Sarpor Onve, West Conshahozien, 4 19425

-d
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ANEXO C. NORMA ASTM G 31

qﬂ”’ Designation: G 31 — 72 (Reapproved 1999)

Standard Practice for

Laboratory Inmersion Corrosion Testing of Metals’

This stamdard is issued imdar the fixad designation & 31; the mumber immediately following the desiznation indicates tha year of orizinal
adoption or, m the cass of revision, the year of last revizion. A mumber in parenthesss indicates the vear of last reapproval. A superscript
epsilon («) indicares an sditorial change since the last revision or reapproval,

1. Scope

1.1 This practice’ describes accepted procedures for and
factors that infiuence laboratery immersion corresion tests.
particularly mass loss tests. These factors melude specimen
preparation, apparatus, test conditions, methods of cleaning
specimens, evaluation of results, and caleulation and reporting
of comrosion rates. This practice also emphasizes the mmpor-
tance of recording all pertinent data and provides a checklist
for reporting test data. Other ASTM procedures for laboratory
coTrosion tests are tabulated in the Appendix.

More 1—Warning: In many cases the comresion product on the reac-
tive metals titaninm and zirconium is 3 hard and tghtly bonded oxide that
dafies removal by chemical or ordinary mechanical means. In many such
cases, corrosion rates are established by mass zam rather than mass loss.

1.2 The values stated in 51 units are to be regarded as the
standard. The values given in parentheses are for information
only.

1.3 This standavd dees not purport to address all of the
safety concerns, if any, associated with its use. Ir is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of vegulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standeards:

A 262 Practices for Detecting Susceptibility to Intergranu-
lar Attack m Austenitic Stamless Steels®

E & Test Methods for Tension Testing of Metallic Materials*

G 1 Practice for Preparing, Cleaning, and Evaluatng Cor-
rosion Test Specimens’

G4 Guide for Conducting Corrosion Coupen Tests in Field
Applications”

G 16 Guide for Applying Statistics to Analysis of Cormrosion
Diata’

G 46 Guide for Exsmination and Ewaluation of Pifting
Corrosion’

* This practice 1z undsr the jurisdiction of ASTM Committee G-1 on Corrosion
of Metalsand is the dirsct responsibility of Subcommittes 0105 on Laboratory
‘Comeszon Tests.

Cumment edrton approved May 30, 1972, Published Taky 1972

*This practice is bassd upon NACE Standard TM-D1-58, “Test Meshod-
Laboratory Carreszon Testing of Metals far the Process Indusmies”, with modifica-
tions to relate more directly to Practices G 1 and & 31 and Guids G4,

* dnmual Book aff 5T Srandards, Vel 01.03.

* dnmual Book off 45T Srandards, Vol 03.01.

* dnmual Book off 45T Srandards, Vol 0301

Copyright © ASTM, 100 Sarr Harbor Drive, West Conshohocken, PA 15425-2555, Unked Siates.

3. Significance and Use

3.1 Corrosion testing by 1ts very nature precindes complate
standardization. This practice, rather than a standardized pro-
cedure, 15 presented as a gmde so that some of the patfalls of
such testing may be aveided.

3.2 Experience has shovwn that all metals and alloys do not
respond alike to the many factors that affect comosion and that
“accelerated” corrosion tests give indicative results only, or
may even be entirely misleading. It 15 impractical to propose an
inflexible standard laboratory comrosion testing procedure for
general use, except for matenal gquabificahion fests where
standardization iz obviously required.

3.3 In designing any comresion test, consideration must be
given to the various factors diseussed in this practice, becanse
these factors have been found to affect greatly the results
obtained.

4. Interferences

4.1 The methods and procedures described herein represent
the best current practices for conducting laberatory corrosion
tests as developed by comosion specialists in the process
industries. For proper interpretation of the results obtained, the
spectfic mfinence of cerfain wvanables nmst be considered.
These inchide:

4.1.1 Metal specimens immersed in 2 specific hot liguid
may not corrode at the same rate or in the same manner as in
equipment where the metal acts as a heat Tansfer medinm in
heating or cooling the hgud. If the mfinence of heat transfer
effects 15 specifically of mterest, specialized procedures (in
which the corrosion specimen serves as a heat fransfer agent)
must be employed (1).°

4.1.2 In laboratory tests, the wvelooity of the environment
relative to the specimens will normally be determined by
convection currents or the effects mduced by asraton or
boiling or both. If the specific effects of high velocity are to be
studied, special techmgues must be emploved to mansfer the
environment throngh tubular specimens or to move it rapidly
past the plane face of a comosion coupon (2). Altenatively, the
coupon may be rotated through the environment, although it is
then difficult to evaluate the velocity quantitatively because of
the stiming effects mewred.

4.1.3 The behavior of certain metals and alloys may be

“ The boldface muebers in parentheses refer to the list of references af the end of
this practice.
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profoundly influenced by the presence of dissolved oxygen. If
this 15 a factor to be considered n a specific test, the solution
should be completely aerated or deaerated m accordance with
8.7

4.1.4 In some cases, the rate of corrosion may be govemed
by other minor constituents in the solution, i which case they
will have t¢ be contmmally or mremmiteently replemshed by
changing the solution m the test.

4.1.5 Corresien products mayv have undesirable effects on a
chemical product. The amount of possible contamination can
be estimatad from the loss in mass of the specimen. with proper
application of the expected relanonships among () the area of
corroding surface. (2) the mass of the chemucal produet
handled. and (2} the duration of contac: of a unit of mass of the
chemical product with the corroding surface.

4.1.6 Corrosion preducts from the coupon may influence the
corrosion rate of the metal itself or of different metals exposed
at the same nume. For example, the accumulation of cupric lons
n the testing of copper allevs in mrermediate strengths of
sulfuric acid will accelerate the corrosion of copper alloys, as
compared to the rates that would be obtawed if the corrosion
products were continuallv removed. Cupric 1ons mav also
exhibit a passivating effect upon stainless steel coupons ex-

osed at the same mme. In practice. only alloys of the same
general tvpe should be exposed m the tesnng apparatus.

4.1.7 Coupon corrosion testing 15 predomumantly desizned
to investigate general comrosion. Thers are a number of other
special tvpes of phenomena of which one must be awars in the
design and interpretation of cormrosion tests.

41.7.1 Galvanic corTosion may be mvestigated by special
devices which couple one coupon to aznother in electrical
contact. The behavior of the specimens in this galvanic couple
are compared with that of insulated specimens exposed on the
same holder and the galvamic effects noted. It should be
observed. however, that galvanic corosion can be greatly
affected by the area ratios of the respective metals. the distance
between the metals and the resistivity of the electrolvte. The
coupling of corrosion coupons then vields only qualitative
resulss, 28 a particular coupon refiects only the relationship
between these two metzls at the particular area ratie involved.

4.1.7.2 Crevice corrosion or concenmatien cell corrosion
mav occur where the metal surface 15 partially blecked from
the corroding liquid as under a spacer or suppornng hook. It s
necessary to evaluate this lecalized corresion separately from
the overall mass loss.

41.7.3 Selective comosion at the gram boundares (o
sxample. mterzranular cerresion of sensifized austeminic stam-
less steels) will not be readily observable in mass loss
measwrsments unless the attack is severe encugh to cause grain
droppmgz. and often requires microscopic exanunation of the
coupons after exposure.

4.1.7.4 Dealloving or “parting” corroston is a condition in
which one constituent i3 selectivelv remeved from an zlley, as
i the dezmcification of brass or the graphitization of cast iren.
Close attention and a more sophisticated evaluation than a
simple mass loss measurement are required to detect this
phenomenon.

4.1.7.5 Certain metals and allovs are subject o0 a highly
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localized tvpe of attack called pitting corrosion. This cannot be
evaluated bv mass loss alone. The reporting of nomunform
corrosion 15 discussed below. It should be appreciated that
pitting 15 a statistical phenomenon and that the mcidence of
pitting mav be directly related to the area of metal exposed. For
example. a small coupon 1s not as prone to exlubit pitung as a
large one and 17 15 possible to nuss the phenomencn altogether
in the corrosion testng of certam allovs, such as the AISI Type
300 sertes stamless steels in chlonde contaminated environ-
ments.

4.1.7.6 All metals and alloys are subject to stress-corrosion
cracking under some circumstances. This cracking occurs
under condiions of applied or residual tensile stress. and 1t
may or may not be visible to the unaided eye or upon casual
inspecnion. A metallographic examination may confirm the
presence of smess-comesion eracking. It 1s imperative o note
thar this usually eccurs with no significant loss in mass of the
test coupon, although certam refractory metals are an exception
to these observations. Generally. if cracking is observed on the
coupon, 1t can be taken as positive indication of susceptibilicy.
whereas fatlure to effect this phenomenon simply means that it
did not occur under the duration and specific conditons of the
test. Separate and special techmiques are emploved for the
specific evaluanon of the susceptibility of metals and alloys o
sTess corrosion cracking (zee Ref. (3)).

5. Apparatus

3.1 A versatle and convement apparamus should be used,
consisting of a kettle or flask of switable size (usually 300 w0
5000 mL). a refiux condenser with atmospherte seal. a sparger
for controlling atmesphere or aeranion, a thermowsll and
remperamure-regulating device, a heating device (mantle, hot
plate, or bath). and a specimen support system. If agitation is
required. the apparamis can be modified to accept a surable
simmg mechanism, such a3 a magnetic stirer. A tvpical resin
flask setup for this type test is shown m Fig. 1.

3.2 The suggested components can be modified. simplified.
or made more sophisticated to fit the needs of a particular
investigation. The suggested apparatus is basic and the appa-
ratus 15 limited only by the judgment and mgenuity of the
investigator

3.2.1 A glass reaction kettle can be used where the confizu-
ratien and size of the specimen will permu: entry through the
narrow kettle neck (for example, 43/50 ground-glass jomnt). For
solutions corrosive to glass. suitable metallic or plasuc kertles
may be employed.

3.2.2 Insome cases a wide-mouth jar with a swizable closure
15 sufficient when sumple immersion tests at ambient tempera-
fures are to be wmvesngated.

3.2.3 Open-beaker tests should not be used because of
evaporation and contamimnation.

3.2.4 Inmore complex tests, provisions might be nesded for
continucus fiow or replenishment of the corrosive hguid. while
simuitanecusly mawtaining a controlled atmosphers.

6. Sampling
6.1 The bulk sampling of products 15 outside the scope of
this practice.
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More 1—The flask can be nsed as 2 versatile and couvenient apparams
to conduct simple imumersion tests. Configuration of top to flask s such
that more soplisticatad apparams can be added as requirad by the specific
test bamnz conducted. 4 = thermowell, B = resin flazk, O = specimens
hung on supporting device, D= air inlet, £ = keatng mantle, F= liguid
inferface, & = opening in flask for additional apparams that may be
required, and H = reflux condenser.

FIi5. 1 Typical Resin Flask

7. Test Specimen

7.1 In laboratory tests, umiform corrosion rates of duplicate
specimens are usually within =10 % under the same test
conditions. Cceasional exceptions, in which a large difference
15 observed, can occur under conditions of borderlme passivity
of metals or alloys that depend on a passive film for their
Tesistance to corresion. Therefore, at least duplicate specimens
should normally be exposed m each test.

7.2 If the effects of comosion are to be determumed by
changes n mechanical properties, untested duplicate speci-
mens should be preserved in a noncorrosive environment at the
same temperature as the test envirenment for comparisen with
the comoded specimens. The mechanical property commonly
used for comparison is the tensile strength. Measurement of
percent elongation 13 a useful mdex of embnttlement. The
procedures for determining these values are shown in detail in
Test Methods E 8.

7.3 The size and shape of specimens will vary with the
purpose of the test, nature of the matenials, and apparatms used.
A large surface-to-mass ratio and a small ratio of edge area to
total area are desirable. These ratios can be aclieved through
the use of square or circular specimens of minimum thickness.
Masking may also be used to aclieve the desired area ratios but
may cause crevice comesion problems. Circular specimens
should preferably be cut from sheet and not bar stock, to
numimize the expesed end grain. Special coupons (for example,
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sections of welded mbmg) may be employed for specific
purposes.

7.3.1 A circular specimen of about 38-mm (1.5-in.) diam-
eter is a conventent shape for laboratory comosion tests. With
a thickness of approximately 3 mm (0.125-mn) and an 8-mm
(#is-mn) or 11-mm (Vs-in.) diameter hole for mounting, these
specimens will readily pass throngh a 43/50 ground-glass jomt
of a distillation kettle. The total surface area of a cireular
specimen 13 given by the following equation:

A =D —d% + mD + rad 1
where:
f = thickness.
D = diameter of the specimen, and
d = diameter of the mounting hole.

7.3.1.1 If the hole 15 completely covered by the mounting
support, the last term {fwd) in the equation is omitted.

7.3.2 Strip coupons 30 by 25 by 1.6 or 3 mm (2 by 1 by Vs
or % 1n.) may be preferred as corrosion specimens, particularly
if interface or liquid line effects are to be studied by the
laboratory tests (see Fig. 1), but the evalnation of such specific
effects are beyond the scope of this practice.

7.3.3 All specimens should be measured carefully to permit
accurate caleulation of the exposed areas. A geometric area
calculation accurate to =1 %6 15 usually adequate.

7.4 More umform results may be expected if a substantial
layer of metal 13 removed from the specimens to eliminate
variations in condition of the original metallic surface. This can
be done by chemical reatment (pickling), electrolytic removwal,
or by grinding with a coarse abrasive paper or cloth such as No.
50, using care not to work harden the surface (see section 5.7).
At least 0.0025 mm (0.0001 ) or 0.0133 to 0.0233 mg,-‘l:um:
(10t 15 mg-"in.:] should be removed. (If clad alloy specimens
are to be used, special attention must be given to ensure that
excessive metal 1s not removed ) After final preparation of the
specimen surface, the specimens should be stored in a desic-
cator unfil exposure, If they are not used immediately. In
special cases (for example, for aluminum and certain copper
alloys), a mminmm of 24 h storage in a desiceator 1s recom-
mended. The choice of a specific treatment must be considered
on the basis of the alloy to be tested and the reasons for testing.
A commercial surface may sometimes yield the most signifi-
cant results. Too much surface preparation may remove segre-
gated elements, surface contamination, etc., and therefors not
be representative.

7.5 Exposure of sheared edges should be avoided unless the
purpose of the test is to study effects of the sheaning operation.
It may be desirable to test a surface represemtative of the
material and metallurgical conditions used in practice.

7.6 The specimen canm be stamped with anm appropriate
identifying mark. If metallic contamination of the stamped area
may influence the corrosion behavior, chemcal cleanmg must
be employed to remove any traces of foreign particles from the
surface of the coupon (for example, by immersion of stainless
steel coupons in dilute mimie acid following stamping with steel
dies).

7.6.1 The stamp, besides identifying the specimen, mtro-
duces stresses and cold work m the specimen that could be
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responsible for localized corresion or stress-corrosion crack-
g, or both.

7.6.2 Smess-corrosion cracking at the idenufying mark 15 a

positive mdication of susceptibihity to such corrosion. How-
ver, the absence of cracking should not be interpreted as
mdlcaunz resistance (see 4.1.7.6).

7 Final surface treatment of the specimens should mclude
ﬁn.iihing with No. 120 abrasive paper or cloth or the equiva-
lent, unless the surface is to be used in the mull fimished
conditton. This reswrfacing may cause some surface work
ha:denmz to an exrent which will be deermined by the vigor

fthe surfacing operation, but is not ordiarily significant. The
nu-face finish to be encountersd in service mayv be more
appropriate for some testing.

7.7.1 Coupons of differen: alloy compositions should never
be zround on the same cloth.

772 Wet grinding should be used on alloys which work
harden qlucl.lv such as the austenitic stainless steels.

7.8 The specimens should be finallv degreased by scrubbing
with bleach-free scounng powder. followed by thorough nnz-
g m water and m a swtable solvent (such as acetone.
methanol, or a mixture of 50 % methanol and 50 % ether), and
air dred For reladvely soft metals (such as alummum,
magnesnun. and copper). scrubbing with abrasive powder 15
net always needed and can mar the surface of the specimen.
Proper ultrasonic procedurss are an acceptable zltemate. The
use of towels for drving mav introduce an emor through
contamination of the specimens with grease or lint.

79 The dried specimens should be weighed on an znalytical
balance to an accuracy of at least 0.3 mg. If cleaning deposits
(for example, scounng powder) remain or lack of complete
dryness 1s suspected. then recleaning and drying 1s performed
until a constant mass is attained.

7.10 The method of specimen preparation should be de-
scribed when reporing test results, to facilitate interpretation

of data by other persons.

7.11 The use of welded specimens 15 semefimes desirable,
because some welds may be cathodic or anodic to the parent
metal and may affect the comrosion rate.

7.11.1 The heat-affected zone 15 also of importance bur
should be smdied separately. because welds on coupons do not
farthfully reproduce heat input or size effects of full-size
weldments.

7.11.2 Corroston of a welded coupon iz best reportad by
description and thickness measuremenss rather than a millime-
tre per vear (muls per year) rate, because the attack 1s normally
localized and not representative of the entire surface,

7.11.3 A complete discussion of corrosion testing of welded
coupons or the effect of heat treatment on the corrosion
resistance of a metal 15 not within the scope of this pracuce.

8. Test Conditions

8.1 Selection of the conditiens for a laboratory corrosion
test will be determined by the purpose of the test.

§.1.1 Ifthe testis to be a guide for the selection of 2 matenal
for a particular purpose. the limits of the conmrolling factors in
service must be determmed. These factors mclude oxygzen
concentration, temperature, rate of flow, pH value, composi-
tion, and other mportant characteristies of the solunon.
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8.2 An effort should be made to duplicate all pertinent
service conditions in the corrosion test.

8.3 Iris important that test conditions be controlled through-
out the test i order to ensure reproducible results.

8.4 The spread in corrosion rate values for duplicate speci-
mens in a given test probably should not exceed =10 % of the
average when the attack is uniform

8.5 Composirion of Soliron:

8.5.1 Test zolutions should be prepared 3ccu.ra'el" from
chemicals confonuing to the Spectfications of the Cnmmnee
on Analyteal Reagen’* of the American Chenical Sociery” and
distilled water. except in those cases where namurally occurming
solutions or those taken directly from some plant process are
used.

232 The composition of the test solunons should be
controlled to the fullest exten: possible and should be described
as completely and as accurately as possible when the results are
reported.

2321 Minor constituents should not be overlooked be-
cause they often affect corrosion rates.

8.5.2.2 Chemical conten: should be reported as percentage
by weight of the solutions. Molanty and nermality are also
hel pﬁll i defining the concentranon of chemicals m some tes:
solutions.

2.5.3 If problems are suspected. the composttion of the test
solutions should be checked by analysis at the end of the test
to determine the extent of change m composition. such as
mught result fom evaporation or depletion.

254 Evaporation losses mayv be controlled by 2 constan:
level device or by frequent addition of appropriate solution o
mamtzin the origmal volume within =1 %, Preferably. the use
of 2 reflux condenser ordmanly precludes the necessity of
adding to the original ket:le charge.

2.5.5 In some cases, composition of the test solution mayv
change as a result of catalytic decomposition or by reaction
with the test coupons. These changes should be determined if
posstble. Where required. the exhausted constituents should be
added or a fresh solution provided during the course of the test,

8.5.6 When possible. only one type of metal should be
exposed In a given test (see 4.1.5).

2.6 Temperanne of Soludon:

2.6.1 Temperamure of the comoding solutden should be
controlled within =1°C {=1.8°F) and must be stated n the
report of test results.

2.6.2 If no specific temperamre. such as botling point. is
required or if a temperamre range is to be mvestgated. the
selected temperatures used in the tes:, and their respective
duration. must be reported.

8.6.3 For tests at ambient temperature. the tests should be
conductad at the highest temperature annecipatsd for stagnant
storage in sunumer monﬂr Tlus temperature may be as high as
from 40 10 45°C (104 to 113°F) in some areas. The vanation in

" Remgenr Chemicals, American Chemical Socieny Specificarions, Amencan
Cherucal Sociery, Wazhingzon, DC. For sugzzestdons on the testng of reagents not
dsted by the Amenican Chemical Sociaty, see dnalar Srmdards for Ludororony
Chemicalz, BDH Ltd., Poole. Domset, UK., and the United Soames Pharmacopeia
and Narfonal Farmuigry, US. Phanmacopeial Conveanon, Inc. (USPC), Rockville.
MD.
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temperature should be reported also (for example, 40 = 2°C).

8.7 Aeration of Solution:

8.7.1 Unless specified, the solution should not be aerated.
Most tests related to process equipment should be nn with the
natural ammosphere inherent in the process. such as the vapors
of the boiling liqud.

8.7.2 If aeranon 15 employed. the specimen should not be
located in the direct air stream from the sparger. Exraneous
effects can be encountersd if the awr stream mmpinges on the
specimens.

8.7.3 If exclusion of dissolved oxvgen 1s necessary. specific
technigues are required. such as prior heating of the solution
and spargmg with an mert gas (usnally nurogen) A hguid
atmospheric seal 15 required on the test vessel to prevent further
contanunation.

8.7.4 If oxvgen saturation of the test selunon 15 desired. tlus
can best be aclhieved by sparzing with oxvgen. For other
degrees of aeration, the solution should be sparaged with air or
svnthetic mixtures of air or oxvgen with an inert gas. Oxyzen
saturation 15 a function of the partial pressure of oxygen i the
gas.

8.8 Solunion Tlocin:

8.8.1 The effect of velocity 13 not usually determuned in

ormal laboratory tests. although specific tests have been
designed for this purpose.

882 Tests at the boiling point should be conducted with the
minimum pessible heat input. and boiling clups should be used
to avold excessive mrbulence and bubble mmpmgzement.

883 In tests below the boiling poin:. themmal convection
generally 15 the only source of lhiqud velocity.

884 In test solutions with high wviscesity. supplemental
conmolled stuming with a magnetic stirer 15 recommended.

8.9 Tolume of Test Solution:

291 The volume of the test solution should be large enough
to avold anv appreciable change in 1ts comosivity during the
test. erther through exhaustion of corrosive constituents or by
accumulation of comresion products that mught affect further
corrosion.

892 Two examples of & mmimum “selunon volume-
tospecimen arez” ratic are 0.20 mL'mm? (123 mLin?) of
specimen surface (Practice A 262), and 0.40 mLam 2 (230
mL/in?).

893 When the test objective is to determine the effect of
metal or allov on the charactenstics of the test solution (for
example, to determine the effects of metals on dyes). 11 15
desirable to reproduce the ratio of solution volume to exposed
metal surface that exists in practice. The acmal tme of contact
of the metal with the solution must alzo be taken 1nto account.
Any necessarv distortion of the test conditions must be
considerad when interpreting the results.

310 Methed of Supporting Specimens:

8.10.1 The supperting device and container should not be
affected by or cause contamination of the test solution

£.10.2 The method of supporting spectmens will vary with
the apparams used for conducting the test, but should be
designed te insulate the specimens from each other physically
and elecmically and to insulate the specimens from any metallic
container or supporting device used within the apparatus.
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8.10.3 Shape and form of the specimen support should
assure free contact of the specimen with the corroding solution,
the hquid line, or the vapor phase as shown i Fig. 1. If clad
alloys are exposed. special procedures will be required o
ensure that only the cladding 15 exposed, unless the purpose 1s
to test the ability of the cladding to protect cut edges in the test
solution.

2.10.4 Some common supports are glass or ceramic rods.
class saddles. glass hooks. fucrocarbon plasne strings. and
various nsulated or coated wetallic supports.

8.11 Dwrarion of Tesr:

2.11.1 Although duration of any test will be determuned by
the nature and purpose of the test. an excellent procedure for

valuating the effect of ime on corresion of the metal and also
on the corrosiveness of the environmenst n laboratory tests has
been presented by Wachter and Treseder (4). This technique is
called the “planned interval test.” and the precedurs and
evaluation of results are given m Table 1. Other procedurss tha:
require the removal of solid comresion products between
exposure periods will not measure accuratelv the nommal

TABLE 1 Planned Interval Corrosion Test
(Reprimed by permission from Cheamical Engireerng Progress. June
1847)

Identical specimens all placed in the same corrosive fluid. Imposed
conditions of the tast k=pt constant for 2ntire tme ¢+ 1. Lettars, 4y, 4
t Ay, B, represent corrosion damage experiencad by each test
specimen. 4 is calculated by subtracting Afrom A. .

Occurrences During Corrosion Test Criterlz

Liquid corresiveness uacnanged A, =8

oacreased B < Ay

Increasea A.,< B

Metal comodiblity unchangea A,=5

gacreased Ay, = B

Incraases E < A;

Combinations of Situatons
_iquid corrogiveness Metal cormodibiity Crieria

1. uncnanged unchanged A =A,=B
2. unchanged decreased Ay= A =E
3. unchanged nereased A, =B < A
4. gecreased unchanged A, =8 < A,
3. gecreased decreased A= 5 < A
6. gscraased acresssd A= 5 = Ay
7. Incrzasag Jnchanged A« A, =B
§. Incrzased decreased A, <« B > A;
9, Incrzasag nereased A< 5 = Ay

Example: Condilions: Dupicats sirps of low-c3rbon €62, 2ach 19 by 76 mm
(*¥a by 3 In.). Immersed In 200 mL of 10 % AICIL-30 % SbCl, mixiure trough
whicn grizd HCI gas was slowly bubbizd 3t atmosphenc pressure. Temparaturs
20°C

Apparent
Interva Wass Loss Penetration, corresion
oays mg mm (mis) Rate, mmy
Impy)
A -1 1080 042 (1,68 15.7 (620)
A, C-3 1230 057 (2.24) 3270
Ay, 0= 1460 058 (2.28) £3{210)
El =2 70 203 (.11 12 (40)
Ay cale. 3-4 30 001 {0.08) 05 (18)

Example, A, <B <A,
001 = 003 < 023 (005 < 0.11 = 1.68)
Tnerstore, liguld markedly d2crezs2d In cormosivenass durng tesl. ard farmalion
of paially pratsclive 5cals on the 522l was Indicateg.
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changes of corrosion with tme.

8.11.2 Matenals that experience severe corrosion generally
do not ordinarily need lengthy tests to obtain accurate corro-
sion rates. However, there are cases where this assumption 13
not valid. For example, lead exposed to sulfuric acid corrodes
at an extremely high rate at first, while building a protective
film: then the rates decrease considerably so thar futher
corrosion 15 neghgible. The phenomenon of forming a protec-
tive film 15 observed with many corrosion-resistant materials.
Therefore. short tests on such materials would mdicate a high
corrosion rate and be completely musleading.

8.11.3 Shert-time tests also can give musleading resulss o
allovs that form passive films, such as stamnless steels. With
borderline condions. a prolonged test may be nesded to
permit breakdown of the passive film and subsequent more
rapid attack. Consequencly. twests nm for long periods are
considerably more realistic than those conducted for short
durations. This statement must be qualified by statnng that
corrosion should not procsed o the pomt where the original
specimen size or the exposed area is drastcally reduced or
where the metal 15 perforated.

8.11.4 If anncipated corTosion rates are moderate or low. the
following equation gives the suggssted test duration:

Hours = 2000/ (comosion rate in mpy) (2)
where mpyv = mils per vear (see 11.2.1 and Note 2 for
conversion to other units).

811,41 Example—Where the cormosion rate 15 0.25 mm/'y
(10 mpy), the test should nn for at least 200 b

8.11.4.2 This method of esumating test durazion 1s useful
only as an aid in deciding, after a test has been made. whether
or not it 1s desirable to repeart the test for 2 longer period. The
most commeon testing periods are 48 to 168 b (2 10 7 davs).

2115 In some cases, 1t mav be necessary o know the
degree of contamimnation caused by the products of corrosion.
This can be accomphshed by analysis of the solution after
corroston has occwrred. The corrosion rate can be calculated
from the concenranon of the mamx metal found in the
solution and it can be compared to that determined from the
mass loss of the specimens. However. some of the corrosion
products usually adhere to the specimen as a scale and the
corroston rate calculated from the meral content in the solution
13 not always correct.

812 The design of corrosion testing programs s further
discussed m Guide G 16.

9, Methods of Cleaning Specimens after Test

9.1 Before specimens are cleaned. their appearance should
be observed and recorded. Location of deposits, vananons in
types of deposits. or varatiens in cormresion products are
extremely umportant in evaluating localized comrosion, such as
piting and concentration cell attack.

92 Cleaning specimens after the test 15 2 vital step m the
corroston test procedurs and if not done properly. can cause
nusleading results.

9.2.1 Generally. the cleanng procedure should remove all
corroston products from specimens with a mimmum removal
of sound metal.

922 Set rules cannot be applied to specimen cleaning.
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because procedures will vary, depending on the type of metal
bemg cleaned and on the degree of adherence of corrosion
products.

9.3 Cleaning methods can be divided mnto three general
categories: mechanical, chemical. and electrolytic.

8.3.1 Mechanical cleaming includes scrubbing, scraping.
brushing. mechaniea! shocking. and ultrasome procedures.
Scrubbing with 2 bristle brush and mild abrasive 1s the most
popular of these methods. The others ars used principally as a
supplement to remove heavily encrusted comosion products
before scrubbing. Care should be used to avoid the removal of
sound mezal.

6.3.2 Chemical cleaming implies the removal of material
from the surface of the specimen by disselution in an appro-
priate chemical solution. Selvents such as acetone, carbon
tewrachlende. and alcohol are used to remove o1l grease. or
resmm and are usually applied prior to other methods of
cleanmg. Chenucals are chosen for applicanon to a specific
maertal. Methods for chemical cleaning after tesung of spe-
cific merals and allovs are described o Practice G L.

§.33 Electrolvtic cleaning should be preceded by scrubbing
to remove loosely adhering corrosion products. A method of
electrolytic cleaning 15 described in Pracnies G L.

6.3.3.1 Precautions must be taken to ensure good electrical
contact with the specimen, to avoid contamunanon of the
solutton with easily reductble metal 1ons. and to ensure that
mhibitor decomposition has not occurred.

8.4 Whatever treatment 15 used o clean specimens after a
corrosion test, its effect o removing metal should be deter-
mimned and the mass loss should be comected accordingly. A
“blank” specimen should be weighed before and after exposure
to the cleaning procedure to establish this mass loss (ses also
Practice G 1). Careful observaton 1z needed to ensure that
piting does not ocowr durnng cleanig.

8.4.1 Following removal of all scale. the specimen should
be treated as discussed in 3.8.

842 The descripnion of the cleanmgz method should be
included with the data reported.

10. Interpretation of Results

10.1 After comroded specimens have been cleaned. they
should be rewsighed with an accuracy comresponding to that of
the onginal weighmg. The mass loss duning the test penod can
be usad as the principal measure of corrosion.

102 After the specimens have been reweighed. they should
be examined carefully for the presence of any pits. If there are
any pits. the average and maximum depths of pits are deter-
nuned with 2 pit gage or a calibrated microscope which can be
focused first on the edges and then on the bottoms of the pits.
The degree of lateral spreading of pits mav also be noted.

10.2.1 Pit depths should be reporied m millimeters or
thousandths of an inch for the test pertod and not interpolated
or extrapolated to nullimeters per vear, thousandths of an inch
per year. or any other arbitrary period because rarely. if ever. is
the rate of imtiation or propagation of pits uniform.

10.2.2 The size. shape, and distnbution of pits should be
noted. A distinction should be made bemwesn those occurnng
undemeath the supporting dewvices (concentraton cells) and
those on the swfaces thar were Teely exposed two the test
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solution (see Guide G 46).

10.3 If the martenal being tested is suspected of being
subject to dealloving forms of corrosion such as dezincification
or to mtergranular attack. a cross section of the specimen
should be microscopically examined for evidence of such
attack.

10.4 The specimen may be subjected to simple bending tests
to determune whether any embrittlement attack has occwred.

105 It mav be desirable to make quantitanve mechanical
tests, comparing the expossd specimens with uncorroded
specimens reserved for the purpose, as described m 7.2,

11. Calculating Corrosion Rates

11.1 Calculating corrosion rates requirss several pieces of
wformation and several assumptions:

11.1.1 The use of corrosion rates maphes that all mass loss
has been due to general comrosion and not to localized
corrosion. such as pitting or mrergranular corroston of sensi-
tized areas on welded coupons. Localized corrosion 13 reported
separatelv.

11.1.2 The use of comosien rates also implies that the
material has not been mternally attacked as by dezincification
or ntergranular corrosion.

1.1.3 Internal attack can be expressed as a corresion rate if
desired. However, the calculations must not be based on mass
loss (except in gualification tests such as Practices A 262),
which is usually small but on microsections which show depth
of attack.

11.2 Assuming that localized or intemal corrosion is not
present or is recorded separately m the report. the average
corrosion rate can be caleulated by the following equation:

Corrosionrate = (K # Miid # T2 D) (3)
where:
I = a constant (zee below)
T = tumeof exposure in hours o the nearest 0.01 h,
A = area w1 cm- to the nsarsst 0.01 cm-.
T = mass loss n g, to nearest 1 mg (corrected for any loss
during cleaning (see 9.4)), and
D = density in giem?’, (see Appendix X1 of Practice G 1).

11.2.1 Many different wuts are used to express comosion
rates. Using the above mnits for T A. 7", and D. the comrosien
rate can be caleulated in a vaniety of units with the following
appropriate value of I

Constant (X} In Commoslon

Comosion Rate Unis Deslrsd Fate Squation

mils per vear [mpy) 345« 10°
nches oer yeas (loy) 345 % 10*
nches per month {lpm) 287 x 107
MIlmetres par year (mmiy) 876 % 10¢
micromelres per year (pmiy) 876 x 107
plecometres per second (omUs) 278 % 10°
grams par square metre per hour (gim*h) 100 % 10* x 0*
miligrams per sguare decimatrs per day (mad) 240 x 105 x DA
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micrograms per square meltre per second (pg' 278 x 10° x o

m-5)
4 Denslty s not needed to calculale the comosion rate In these units, The density
In the constant X cancels out the density In the corrosion rate eguation,

Nore 2—If desired. these coastants may also be used to coavert
corrosion rates from one set of uwits to another. To coavart a comosion rate
in vpits X to @ rate of units I multply by K, K, for example.

15 mpy = 15 % [(2.73 # 10%0(3.45 # 10%)pm's

12.1pm's 4

11. Report

12.1 The mnportance of reportng all data as complerslv as
possible cannot be oversmphasized.

122 Expansion of the testing program i the future or
correlating the results with tests of other investigators will be
possible only if all pernnent mformation 15 properly recorded.

12.2 The following checklist 15 & recommended gwde for
reporting all important information and data.

1231 Cormrosive media and concentration (any changes
dunng test).

1232 Volume of test solution.

12.3.3 Temperamnre {(maximum. mmimum, average).

12.2.4 Aeration (describe conditions or technigue).

1225 Agitation (describe condinons or technique).

12.3.6 Type of apparatus used for test.

12.3.7 Duration of each test.

1238 Chemical composition or Tade name of metals
tested.

1229 Form and metallurgical conditions of specimens.

12.2.10 Exact size, shape. and area of specimens.

12.3.11 Treatment used to prepare specimens for test.

12.3.12 Number of specimens of each marenal tested. and

whether specimens were tested separately or which specimens
tested 1n the same contamer.

12.3.13 Method used to clean specimens afier exposure and
the extent of any emor expected by this treatment.

12.3.14 Initial and final masses and actual mass losses for
each specimen.

12.3.15 Ewvaluation of attack if other than general. such as
crevice corroston under support rod. pit depth and distribution,
and results of microscopical exanunation or bend tests.

12.2.16 Corrosion rates for each specimen.

124 Mmor occurrences or deviations from the proposed test
program often can have significant effects and should be
reported if known.

12.5 Statistes can be a valuable tool for analyzmng the
results from test programs designed fo generate adequate data.
Excellent refersnces for the use of statistics in corrosion studies
include Ref. (5-7) and in Guide G 14,

13. Kevwords
131 accelerated: immersion: laboratory: mass loss: metals:
piting
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