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Sheathed Chromel versus Alumel thermocouples decalibrate when exposed 
t o  temperatures i n  excess of l l O O O ~ .  Thermocouples sheathed i n  Inconel-600 
and type 304 s t a in l e s s  s t e e l  were s tudied i n  t h i s  work. Quantified SIMS data  
showed t h a t  the observed decalibrafions were due t o  s ign i f ican t  a l te ra t ions  
t h a t  took place i n  the Chromel and Alumel thermoelements. The amount of 
a l te ra t ion  was d i f fe ren t  f o r  each thermocouple and was influenced by the  par- 
t i c u l a r  sheath material used i n  the  thermocouple construction. Relative 
s ens i t i v i t y  factors ,  indexed by a matrix ion species r a t i o ,  were used t o  
quantify SIMS data f o r  three nickel-based alloys,  Chromel, Alumel, and Inconel- 
600, and an iron-based alloy,  type 304 s t a in l e s s  s t ee l .  Oxygen pressure 
>2 x l o m 6  t o r r  i n  the sput ter ing region gave enhanced sens i t i v i ty  and superior 
quant i ta t ive  r e su l t s  as compared t o  data  obtained a t  instrumental residual 
pressure. 

Introduction 

In t h i s  study we have used secondary ion mass spectrometry (SIMS) t o  
determine the  f a i l u re  mode responsible f o r  the large decalibrations observed 
i n  sheathed, MgO-insulated Chromel versus Alumel, compacted thermocouple 
assemblies, exposed t o  temperatures above llOO°C. 

These thermocouples presented a challenge f o r  SIMS analysis. Segrega- 
t ion  and precipi ta t ion of A 1  and S i  were frequently observed i n  these specimens. 
The small s i ze  (100 pm dia.) of t he  thermoelements and the r e l a t i ve ly  large 
grain s i z e  induced by high temperature exposure were problems t h a t  had t o  be 
contended with. Tamura, Ishitami, and ~anomatal  have shown tha t  an analyt ical  
curve using relgfivg sens i t i v i t y  factors  (S.F.) indexed by a matrix species 
(for example, M /M ) can be generated from a s ing le  standard. The curve is  
prepared by recording ion yields from the standard as a function of O2 pressure 
i n  the sput ter ing region. They also report t h a t  increased oxygen surface 
covera e of the specimens gave improved analyt ical  reproducibil i ty.  Konishi 
e t  a1 .5 studied the variation of secondary ion yields  from metals as a function 
of increasing O2 p a r t i a l  pressure i n  the  sput ter ing regivn. Thege investiga- 
t o r s  found tha t  the  in tens i ty  of secondary matfix i p s  I$+ and MO++Jncreased, 
whereas the  i n t ens i t i e s  of the  matrix ions, M2 , Mg , M , and M decreased 
with increasing O2 pa r t i a l  pressure. Gangei, Leta, and   orris on^ i n  a modi- 
f$catipn of the+method of Tamura e t  a .  1 used the above reported var ia t ion i n  
M , MO , and Ma a s  an indexing technique i n  invest igat ing the quant i ta t ive  
analysis of various standard materials. They showed tha t  s ign i f ican t ly  more 
accurate analyt ical  r e su l t s  could be obtained as  opposed t o  the s ing le  S.F. 
method. In t h i s  study we have used oxygen flooding of t he  sput ter ing region 
t o  enhance sens i t i v i t y ,  reproducibil i ty,  and analyt ical  accuracy. Sens i t iv i ty  
factors,  indexed by matrix ion species r a t i o s ,  were used f o r  calculating the 
analyt ical  resu l t s .  
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Experimental 

The ion  microprobe mass ana lyzer  (IMMA) used i n  t h i s  work was manufac- 
t u r e d  by Applied Research Labora tor ies ,  Sunland, C a l i f o r n i a ,  and i s  based on 
t h e  design of ~ i e b l . ~  The c a p a b i l i t i e s  of t h e  instrument  have been descr ibed  
by Andersen and ~ i n t h o r n e ~  and by ~ c ~ u ~ h . ~  

Two Chromel-Alwnel thermocouples were inves t iga t ed .  The f i r s t  thermo- 
couple,  des igna ted  I ,  was sheathed i n  304 s t a i n l e s s  s t e e l ,  and t h e  second 
thermocouple, des igna ted  11, w a s  sheathed i n  Inconel-600. A f t e r  exposure t o  
high temperature i n  a i r  i n  a c a l i b r a t e d  temperature g rad ien t  tube furnace ,  

- a number of  t r a n s v e r s e  c ros s  s e c t i o n s  were c u t  from t h e  thermocouples f o r  
ana lys i s .  The specimens and t h e  r equ i r ed  s tandards  were imbedded i n  epoxy 
and po l i shed  u n t i l  a smooth metal lographic f i n i s h  was obta ined  p r i o r  t o  IbIMA 
ana lys i s .  Table 1 lists t h e  compositions of  t h e  var ious  ma te r i a l s  analyzed i n  
t h i s  work. 

Table 1. Nominal Compositions (Atom %) o f  
Mater ia l s  Inves t iga t ed  i n  t h i s  Studv 

Chrome 1 

A 1 0.02 
S i 0.92 
C r 10.37 
Mn 0.01 
Fe 0.35 
N i  88.33 
Co 0.04 

304* 
S.S. 

Inconel 
600 

0.40 
0.41 

17.42 
0.21 
7.39 

74.28 
- 

NBS NX** 
-980 

0.55 
0.22 

16.73 
0.40 
8 .93  

72.31 
- 

NBS NX** 
-1285 

0.38 
0.49 

17.85 
0.32 
6.92 

73.16 

*Minor elements C, P, and S omit ted.  
**C, S ,  T i  and Cu omitted. 

Mass s p e c t r a  were taken from each wire  and shea th  s e c t i o n  t o  determine 
which elements were p re sen t  and would r e q u i r e  f u r t h e r  s tudy .  Ras te r  mode ion  
imaging and X-line scanning were performed on each s e c t i o n  t o  a s c e r t a i n  how 
t h e  elements of  i n t e r e s t  were d i s t r i b u t e d  i n  t h e  wires .  Fast  r a s t e r  mode was 
then  used t o  t ake  q u a n t i t a t i v e  d a t a  f o r  a l l  elements o f  i n t e r e s t  from wire 
reg ions  t h a t  demonstrated s u i t a b l e  homogeneity i n  l i n e  scan and ion  imaging 
mode. Data were taken  both a t  r e s i d u a l  instrument  . p re s su re  and wi th  oxygen 
f looding  up t o  a specimen chamber p re s su re  o f  approximately 1 x 1 0 - ~ . t o r r .  

Resul ts  and Discussion 

Line scans  were made t o  determine t h e  r a d i a l  d i s t r i b u t i o n s  o f  Mg, A l ,  S i ,  
C r ,  Mn, Fe, N i ,  and Co i n  a l l  of t h e  wire  s e c t i o n s .  The thermocouple I ,  E 
s e c t i o n ,  and the  thermocouple 11, D s e c t i o n ,  were used a s  "standards" f o r  t h e  
IMMA s t u d i e s  because these  s e c t i o n s  were t y p i c a l  o f  t h e  as - rece ived  th'ermo- 
couple ma te r i a l s  and were never  exposed t o  e l e v a t e d  temperatures  dur ing  t h e  
d e c a l i b r a t i o n  s t u d i e s .  Magnesium was observed t o  e x h i b i t  d i f f u s i o n - l i k e  pro- 
f i l e s  i n  a l l  of t h e  wires  ( i . e . ,  h igh  s i g n a l s  a t  t h e  wire  edges which decrease 
i n  an inward direct ion) ' .  . No s i g n i f i c a n t  d i f f e r e n c e s  i n  Mg p r o f i l e s  were seen 



a i n  any o f  t h e  wire  s e c t i o n s  exposed t o  temperatures  o f  over  1 1 0 0 ' ~  when 
compared t o  t h e  as-received s e c t i o n s  t h a t  remained a t  2 0 ' ~ .  

In the  nickel-based a l l o y s ,  Alume4, Chromel, Inconel-600 and two NBS 
s tandards ,  we found t h a t  t h e  r a t i o  N i O  / N i 3  w a s  very s e n s i t i v e  t o  oxygen ------ 

su r f ace  coverage. S e n s i t i v i t y  f a c t o r s  f o r  C r  and Fe, determine$ f r o ~  Cliromel 
and the  two NBS s tandards  were p l o t t e d  a s  a func t ion  of  t h e  N i O  / N i 3  i n -  
dexing r a t i o  and a r e  shown i n  Fig. 1. Although t h e s e  t h r e e  s t anda rd  mate- 
r i a l s  a r e  d i f f e r f n t  i? composition ( see  Table . l )  , t h e  S. F .  ' s  f o r  C r  when in -  
dexed by t h e  N i O  / N i 3  r a t i o s  f a l l  on t h e  same l i n e .  The S.F. p l o t s  t h a t  we 
used i n  ana lyz ing  t h e  Chromel and Alumel wires  o f  thermocouples I and I1 a r e  
presented  i n  Figs.  1 and 2 .  Aluminum, h, Co, and S i  values were determined 
from t h e  Alumel s tandard  a s  t h e s e  elements were p re sen t  a t  h i g h e r  abundances 
than  i n  t h e  Chromel s tandard .  The S .F . ' s  f o r  C r  and Fe were determined from 
Chromel f o r  s i m i l a r  reasons.  

The shape of  t hese  S.F. curves v e r i f i e s  t h e  observa t ion  t h a t  h ighe r  
accuracy and more reproducib le  r e s u l t s  a r e  obta ined  wi th  02 f lood ing  i n  t h e  
sample region when oxid izable  m e t a l l i c  samples a r e  be ing  analyzed. In t h i s  
system of  N i  b.ased a l l o y s ,  we found t h a t  oxygen pressure?  o f  4-8 x t o r r  
and cu r ren t  d e n s i t i e s  of -mA cm-' tended t o  keep t h e  N i O  / N i 3  r a t i o  above 
20 and thereby  allowed S. F. 's from t h a t  f l a t  reg ion  of t h e  S. F. response 
curve t o  be used:.. In t h i s  system, t h e  S.F. indexing technique approaches a 
s i n g l e  S. F. method i f  s u f f i c i e n t  02 su r f ace  coverage is  maintained. 

Tne s t a i n l e s s  s t e e l  shea th  of  thermocouple I ,  be ing  an i r o n  a l l o y ,  was 
analyzed us ing  a d i f f e r e n t  s e t  g f  S+F. 's based on Fe a s  t h e  r e f e rence  element. 
The indexing r a t i o  used was FeO /Fe . The S. F. I s  de r ived  from t h i s  a l l o y  a r e  
shown i n  Fig. 3. A d i f f e r e n t  type  response was observed i n  t h i s  system. A s  
O2 s u r f a c e  coverage inc reased  t h e  observed S.F. range decreased and a t  high 
coverage tended t o  converge on t h e  re ference  element va lue  (Fe E 1 ) .  This  
e f f e c t  w a s  a l s o  observed by Konishi e t  a1.4 f o r  impuri ty  elements i n  low a l l o y  
i r o n  s tandards .  The q u a n t i f i e d  r e s u l t s  f o r  thermocouple I Chromel and Alumel 
wires  and type  304 s t a i n l e s s  s t e e l  shea th  a r e  p re sen ted  i n  Table 2 .  The 

. Alumel and Chromel s t anda rds ,  r epo r t ed  i n  t h i s  t a b l e ,  were run a s  unknowns. 

Thermocouple I1 was shea thed  i n  Inconel-600, a nickel-based a l l o y  (see 
Table 1 ) .  The nominal compositions, supp l i ed  by t h e  myufac$ure r ,  were used 
a s  s t anda rd  values i n  determining a s e t  o f  indexed (NiO / N i 3  ) S.F. 's f o r  
t h i s  a l l o y .  Some incons i s t enc i e s  were observed f o r  t h e s e  S .F . ' s  when compared 
t o  t he  S. F. 's from Chromel and Alumel s tandards  .. This  d i f f e r e n c e  i s  probably 
due t o  inaccurac ies  i n  t h e  nominal values used f o r  some o f  t h e  minor elements 
i n  t hese  a l loys .  Although undes i rab le ,  t h i s  shortcoming was of  l i t t l e  conse- 
quence i n  d e t e c t i n g  compositional changes i n  t h e  shea th  s e c t i o n s  f o r  . t h i s  
thermocouple. The S .F . ' s  p resented  i n  Figs.  1 and 2 were used t o  quan t i fy  
d a t a  taken f rom, the  Chromel and Alumel wires  i n  t h i s  thermocouple. The quan t i -  
f i e d  r e s u l t s  a r e  given i n  Table 3. 

Conclusions 

Chromel and Alumel thermocouples, sheathed i n  r e a c t i v e  metals  ( Inconel-  
600 and type  304 s t a i n l e s s  s t e e l )  d e c a l i b r a t e  s i g n i f i c a n t l y  when exposed t o  

. temperatures  above 1 1 0 0 " ~ .  The d e c a l i b r a t i o n  i s  caused by t h e  a l t e r a t i o n  i n  
composition o f  t he  Chromel and Alumel thermoelements. S i g n i f i c a n t  migrat ions 



o f  A l ,  S i ,  C r ,  Mn, and Fe were seen t o  occur  i n  t h e  Chromel and Alumel thermo- 
elements and i n  t h e  shea th  ma te r i a l s .  For example, C r  which was p re sen t  i n  
v i r g i n  Alumel at  the.0.0008 atomic % l e v e l  was observed t o  i nc rease  a f a c t o r  
o f  1500 i n  reg ions  of the  thermocouple exposed t o  temperatures above 1100°C. 
The source of t h i s  C r  was t h e  Chromel thermoelement and t h e  sheath.  The ' 
s p e c i f i c  n a t u r e  of  t he  compositional a l t e r a t i o n  was in f luenced  by t h e  chemical 
environment p re sen t  i n  t h e  h o t  thermocouples. Thermocouple I was sheathed i n  
a nickel-based a l l o y ,  whereas thermocouple I 1  was sheathed i n  an i ron-based 
a l loy .  A l t e r a t i o n s  r e l a t e d  t o  t hese  p a r t i c u l a r  environments a r e  d i s c e r n i b l e  
i n  Tables 2 and 3. 

The use of  s i n g l e ,  unindexed S.F."s f o r  c a l c u l a t i n g  t h e s e  d a t a  was found 
unacceptable.  Oxygen p re s su re  >2 x t o r r  i n  the  s p u t t e r i n g  regi.on gave a 
more reproducib le  s e t  o f  s e n s i t i v i t y  f a c t o r s  and indexing with a mat r ix  i on  
spec i e s  r a t i o  allowed t h e  c o r r e c t  s e t  o f  S.F. ' s  t o  be chosen f o r  any given s e t  
o f  a n a l y t i c a l  condi t ions  (oxygen pressure ,  c u r r e n t  dens i ty ,  sample composition, 
e t c . ) .  Our f i nd ings  were i n  agreement with o t h e r  workers i n  t h a t  t he  ma t r ix  
i on  spec i e s  indexing method d id  achieve s u b s t a n t i a l  improvement i n  a n a l y t i c a l  
accuracy as compared t o  t he  r e s i d u a l  p re s su re  s i n g l e  S.F. method. 

List o f  References 

1. H. Tamura, T. I sh i tami ,  and I .  Kanomata, "Correction f o r  Ion iza t ion  Yield," 
U.S.-Japan J o i n t  Seminar on SIMS, Honolulu, Hawaii, 1975. 

2. F. Konishi e t  a l . ,  "Effec ts  of  Ambient Oxygen on Quan t i t a t i ve  Analysis o f  
S o l i d  Surface  by Secondary Ion Mass Spectrometry (SIFIS) , I '  U.S.-Japan J o i n t  
Seminar on SIMS, Honolulu, Hawaii, 1975. 

3. J. D. Ganjei,  D. P. Leta,  and G .  H. Morrison, Anal. Chem., - 50, 285 (1978). 

4. H. L ieb l ,  J. Appl. Phys., - 38, 5277 (1967). 

5. C .  A. Andersen and J. R .  Hinthorne, Science, - 175, 853 C1972). 

6 .  J. R. McHugh, "Methods o f  Surface Analysis ," i n  Methods - and Phenomena, 
S. P. Wolsky and A. W. Czandera (eds.)  , Amsterdam, 1976. 



, ' -  F / 6  b a g  1. 
ORNL-DWG 78-458f7 

102 
I I I 1 - 1  

CHROMEL WIRE STD. 
SF N i ~ l  ' 

0 CHROMEL 
0 NX-4285 

ORNL 

I 
ORNL-DWG 78-45844 1 








