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AN EXPERIMENTAL IKVESTIGATlON OF 

THE '%KE CONDETPVITY fiND 

ELECTRICAL RESISTIVITY OF TIIREE POROUS 

304 L STAINLESS STEEL "HIGIMESH" MATERIALS M 1300K 

ABSTRACT 

Measurements of t h e  thermal conduct iv i ty  of a "Rigimesh" s t a i n l e s s  s t e e l  
i n  t h r e e  d i f f e r e n t  p o r o s i t i e s  have been undertaken i n  vacuum and a rii trogen 
atmosphere over  t h e  temperature range 300 t o  1300K by the  comparative 
method wi th  the  h e a t  flow perpendicular  t o  t h e  su r f aces  of the  sample. 

E l e c t r i c a l  r e s i s t i v i t y  measurements have been undertaken i n  two mutual ly 
perpendicular  d i r e c t i o n s  on sepa ra t e  samples of t h e  same ma te r i a l .  

The r e s u l t s  i n d i c a t e  t h a t  a l though t h e r e  is  a th ree fo ld  increase  i n  thermal 
conduc t iv i ty  when the  po ros i ty  decreases  from approximately 40& t o  lo& ana 
a corresponding decrease i n  e l e c t r i c a l  r e s i s t i v i t y  f o r  the  same c u r r e n t  
and h e a t  flow d i r e c t i o n s ,  t h e  va lue  of t h e  der ived  Lorenz Function remains 
cons t an t  t o  wi th in  8%. 
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Am EXPERU4ERTAL STIGATIOW OF 
Trn TKERMAL CO 

ErnCrnICAL iiESISTIVIZ'fi OF 
304 L STAINUSS STEEL "RIGUJIESP MATERIALS TO 1300K 

The comparative method of measuring thermal conductivi ty with samples i n  
the  form of s l abs  63 mm square and 25 mm t h i c k  has been used t o  evaluate  
the  conductance of three  d i f f e r e n t  p o r o s i t i e s  of a "Rigimesh" woven and 
s i n t e r e d  s t a i n l e s s  s t e e l .  Measurements have been undertaken i n  vacuum and 
i n  a n i t rogen atmosphere over the  temperature range 300 t o  1300K t o  inves t l -  
ga te  poss ib le  gaseous and r a d i a t i v e  components of thermal conductivi ty.  
E l e c t r i c a l  r e s i s t i v i t y  determinations were made on small rod shaped samples 
c u t  from the  same pieces a s  the  thermal conductivi ty samples. 

2 .O OBJECT OF INVESTIGATION 

Porous metals a r e  of importance i n  t r a n s p i r a t i o n a l  cooling problems over a 
wide temperature range. For design purposes bas ic  property da ta  a r e  required 
f o r  the  newer types of ma te r i a l s  now being used p a r t i c u l a r l y  a t  temperatures 
up t o  1300K and f o r  d i f f e r e n t  environments. 

The t o t a l  thermal conductivi ty A T  of such a mater ia l  may be represented by 

where A is the  component due t o  e l ec t ron ic  conduction A ., plus l a t t i c e  
conduction A g, h R is the  component due t o  radia t ion ,  AC1 is the component 
due t o  gas within the  trapped pores including any possible convection and 
h C 2  i s  the  component due t o  gas within the  open pores including any possible 
convection. In  vacuum, t h i s  term is zero. For mater ia ls  of low poros i ty  
hcl  w i l l  be very s m a l l  so t h a t  the  t o t a l  quant i ty  measured w i l l  normally 
be due t o  the  A E  and AR contr ibut ions  only. 

For s o l i d  metals i n  general  



Here 2 is  i n  t he  W m - 1  degml u n i t ,  p i n  the ohm rn u n i t ,  T t h e  abso lu t e  
t e m p e r a h r e ,  K, and L w i l l  thus  be i n  t h e  Y* deg K-2 mi t. In  t h i s  
p a r t i c u l a r  case L has t h e  kmmerfeld t h e o r e t i c a l  value of t h e  Lorenz 
f u n c t i o n  (2.443 x ~2 deg K-2). 

E l e c t r i c a l  r e s i s t i v i t y  i s  a  func t ion  of e l e c t r o n i c  conduction only.  Thus 
measurements of' p and 'XE i n  vacuum coupled wi th  t h e  assumption t h a t  'Xe 
can be calcula  t e d  from (3 )  can l e a d  t o  t h e  sepa ra t ion  of t he  d i f f e r e n t  
components. Measurements w i l l  l e a d  no t  only t o  t r u e  e f f e c t i v e  p r o p e r t i e s  
a t  e l eva t ed  temperatures  bu t  a l s o  t o  poss ib l e  examination of t h e  behavior  
of t h e  d i f f e r e n t  components wi th  temperature.  

In  most cases  Ag v a r i e s  a s  T-I. A t  temperatures  wel l  i n  excess  of t h e  
Debye temperature,  f o r  a  p a r t i c u l a r  system, 'Ae i s  t h e  predominant t r a n s p o r t  
mechanism. However, it has  been found empi r i ca l ly  from measurements i n  t h e  
range 200 t o  800 K on d i f f e r e n t  a l l o y  systems t h a t  t he  Wiedermann-Franz- 
Lorenz r e l a t i o n s h i p  may be modified i n  t h e  fol lowing manner 

where L1 i s  a number s i m i l a r  t o  t h e  Sommerfeld value,  b  i s  a cons tan t  
l a t t i c e  component. This  form of r e l a t i o n s h i p  has proved very use fu l  i n  t he  
p r e d i c t i o n  of t he  thermal conduct iv i ty  behavior  of new a l l o y s  of p a r t i c u l a r  
systems from t h e  r e l a t i v e l y  s i m ~ l e  measurement of e l e c t r i c a l  r e s i s t i v i t y .  
This  has  proved t r u e  f o r  some porous metal systems i n  add i t i on .  It i s ,  
t he re fo re ,  a  p o s s i b i l i t y  t h a t  some form of empir ica l  r e l a t i o n s h i p  may hold 
f o r  t h e  p a r t i c u l a r  type  of porous metal now s tud ied .  

The porous s t a i n l e s s  s t e e l  under i n v e s t i g a t i o n  i s  un l ike  the  s i n t e r e d  
s p h e r i c a l  p a r t i c l e  types  f o r  which the  above ana lyses  a r e  v a l i d .  I t  is 
b a s i c a l l y  i n  t h e  form of a t h i n  woven l a y e r  of f i b e r s  with successive 
l a y e r s  placed on t o p  of each o t h e r  and t h e  whole s i n t e r e d  toge the r .  I t  
i s  poss ib l e ,  t he re fo re ,  t h a t  f o r  t h i s  p a r t i c u l a r  form of t he  ma te r i a l  t h e r e  
w i l l  be an a d d i t i o n a l  thermal r e s i s t a n c e  between the  l a y e r s  and i n  consequence 
t h e  sepa ra t ion  of t h e  o t h e r  components of thermal conduct iv i ty  may be 
a f f e c t e d  by t h i s  a d d i t i o n a l  and poss ib ly  varying parameter.  

3 -0 MAmIALS STUDIED 

The m a t e r i a l  suppl ied  f o r  t e s t  was descr ibed  a s  porous 304 L s t a i n l e s s  
s t e e l  Rigimesh and s t a t e d  d e t a i l s  of t h e  th ree  d i f f e r e n t  p o r o s i t i e s  a r e  
g iven  i n  Table I. Three samples of each m a t e r i a l  were suppl ied and 
cha rac t e r i zed  i n  R,.f  erence I. 

1. A thermal conduct iv i ty  sample cons i s t i ng  of a s l a b  approximately 63 mm 
square and 25.4 mm t h i c k  with two s m d l  ho l e s  approximately 1 .3 mm 
d i m e t e s  d r i l l e d  t o  t h e  c e n t e r  a t  Levels approximately 3 mm from each 
su r f ace ,  The surface of t h i s  s m p l e  was prepared t o  be a s  f l a t  and 
smooth a s  poss ib l e  m & i m g  s u r e  t h a t  %he t o t a l  th ickness  was u n i f o m  
and t h e  f a c e s  were p a r a l e l .  The h e a t  flow a x i s  was ~ r p e n d i c d a r  t o  
t h e  weave p a t t e r n .  The s m p l e s  were marked U ,  Bl, and 61.  



2 .  One e l e c t r i c a l  r e s i s t i v i t y  s m p l e  cons i s t ing  of a r e c a n g u l a r  bar  
approxintately 6 m square and 25 m long, c u t  such tha t  current  flow 
would be d o n g  the s m e  d i r e c t i o n  as the  heat  flow a x i s  i n  sample 1. 
These were marked A2,  B2, and C2. 

3. A s imi la r  rec tangular  ba r  approximately 6 mm square and 60 mm long, c u t  
such t h a t  the  current  a x i s  was p e r a l l e l  t o  the  weave pat tern .  These 
were marked A3, B3, and C 3 .  

On r e c e i p t  of samples the  dimensions were all measured accurately.  Follow- 
ing  t h i s ,  e l e c t r i c a l  r e s i s t i v i t y  measurements were made a t  room temperature 
on the  appropriate sample of each mate r i a l .  

For the  purposes of t h i s  t e s t  the  ends of the  sample were f i t t e d  with current  
e l ec t rodes  and then l a i d  on kni fe  edges a known dis tance  apa r t .  A steady 
d .c .  cu r ren t  from a 24 V b a t t e r y  was applied t o  the  sample and the po ten t i a l  
drop developed ac ross  the  kn i fe  edges was measured with a k e d s  and Northrup 
potentiometer i n  add i t ion  t o  t h a t  developed ac ross  a ca l ib ra ted  standard 
0.001 res i s t ance  i n  s e r i e s  with the  sample. The current  was reversed t o  
e l iminate  thermal vol tages  and the  p o t e n t i a l  measurements repeated. The 
e l e c t r i c a l  r e s i s t i v i t y  was derived i n  terms of  the  r a t i o  of the  above 
voltages,  the  known dimensions of t h e  sample and the  distance between the  
kn i fe  edges. The d e t a i l s  of the  t e s t  samples together  with the  measured 
e l e c t r i c a l  r e s i s t i v i t i e s  a r e  given i n  Table 11. 

4.0 !EST PROCEDURE 

(1 Thermal Conductivity: 

For the  purposes of the  t e s t ,  f i n e  gauge (0.2 mm diameter) chromel-alumel 
thermocouples insu la ted  i n  twin bore s i l i c a  and alumina 1 . 3  mm diameter 
tubing were f ixed  t i g h t l y  i n t o  the  holes  i n  the sample and discharged welded 
i n  pos i t ion  so  t h a t  the  bead was i n  very good contac t  with the  metal. The 
sample was placed between two similar s i zed  samples of Inconel 702 ( a  
ma te r i a l  of known thermal conductivi ty over the  temperature range of the  
inves t iga t ion)  with the  same type of thermocouple instrumentation. To 
minimize contac t  r e s i s t ance  a very t h i n  l a y e r  of pd l rd ium f o i l  was placed 
between each surface.  The composite sample was placed between the  p l a t e s  
of an upper h e a t e r  and hea t  s ink  combination. A reproducible load of 
approximately 106 ll mm2 was applied t o  the  top  of the  sample s tack  t o  a s s i s t  
i n  reducing contac t  r e s i s t ance  a t  the  surfaces.  A 12  cm diameter alumina 
guard tube which could be heated and which had thermocouples attached along 
i t s  length  was placed around t h e  system and the  whole of the  in terspaces  
and surrounds f i l l e d  with dry s i l -o -ce l  a good hea t  insu la t ing  powder. The 
complete assembly was covered with a b e l l  jar and the  enclosure evacuated 
t o  a pressure lower than 16-3 t o r r .  Figure I shows a schematic assembly 
of the  m a t e c h  Em-W-20 t he  conductivi ty appamtus used. 

By means of s u i h b l e  adJusdments t o  the  power i n  t;tae various heaters  and of 
the  cold  s ink  Leaspcretuse a stew bmnlperature d i s t r i b u t i o n  was maintained 
i n  the  system ;cad undue r a i a %  heat  l o s s  prevented by k e e p i w  the  guard tube 
g rad ien t  m t c h e d  approximately t o  t h a t  i n  the  sample stack.  



Egu i l i b r im  conditions were a t ta ined noreotnUy i n  the order of 6 Lo 8 burs  
a f t e r  l w g e  ad;jushmeBaiL@ of gswer were m d e  t o  saiee o r  lover  t he  averwe 
temperature t o  ~e required data gola% levels ,  h r iw  a i s  p r i d  m a 1  
r d J u s b e n l s  were m d e  t o  insure %hrt Wae g w d i w  was a s  go& a s  p s s i b l e .  

A t  e q u i l i b r i m  conditions the  hmperature o t t  various points i n  the  aysterc 
were e v d u k d  frm the  ehemocouple *.dings obtained with the  p o t e n t i m e k r .  
The heat  flow, &, i n  Lhe t e s t  specieen was derived i n  t e rns  of t h a t  flowing 
Lhro- each Znconel reference s a t e r i d .  

From 

where A is  the a rea  of cross section, dx the distance between the 
couple posit ions,  dT the  temperature difference and Ar is the  the  
conductivity of the  reference m a t e r i d  a t  i ts  appropriate mean temperature. 

The t h e m a l  conductivity of the  t e s t  semple was evalmted from a knowledge 
of the mean heat  flow i n  th upper and. Power reference mahrials, the  
temperature difference across the s m p l e  and its known dfmensions. 

Edeasurements were made i n  the  above manner a t  four  mean temperatures i n  
t he  approxwate range 400 t o  l300K BUbd a repeat  measurement taken a t  a 
lower temperature i n  that range a f t e r  a t t a in ing  the highest temperature. 
After  t h i s  l a t t e r  measurement the  apparatus was backf i l led  w i t h  ni trogen 
gas t o  1 awosphere and eaeasurements arsde i n  Lhis environment a t  three  
temperatures i n  the  above range. 

Appendix A contains the  following d e t a i l s  of the  evdua t ion  of the  
conductivity i n  t h i s  investigation:  

e of the  Ghemal conductivity versus temperature of the Znconel 
702 material used a s  the  reference material  ( ~ e f e r e n c e s  2 and 3 ) .  

2. A copy of the  cmple te  s e t  of data  and the  subsequent evaluetion of 
therrtal conductivity f o r  a randm daLa point .  

3.  A t ab le  l i s t i n g  d e t a i l s  of a e  e n v i r o m a W  conditious, the meeu 
Lemperatures, and the  c a l c u l a h d  t h e m a l  conductivity showing the  
spread i n  t he  man deviation of Lhemal conductivity. 

(2 Electriccrl Res i s t iv i ty  

Frm the  i n i t i a l  r o w  L e ~ p r a t u r e  measurenrents it wgears  Lhat Lhe 9. 
poroe iQ  m a t e r i d s  was reasonably hmgeneous  wi . i ;h  only the  order of 5 s  
anisotropy i n  the  e l e c t r f c r l  r e a i r t i v i t y .  Rowever, f o r  ehe oeher two 
m a l e r i d e  Lhere was a conside difference in.  %h.e v d w o  obC;crined for 
a e  two d i rec t ions ,  %his woad M i c a b  8 W g e  m i ~ i o t m p i c  e f f ec t .  
hcerrlo~rr'bly ~ i e  f r  due Lo Lhe faet  U t  a e  m d e r l d  is  Pomed 'by p m s s i w  
and s i n t e r i w  euccassive layerg of ~e woven mLer I&  b f o m  Lhe f i n d  



body. I n  t h i s  case it is q u i t e  l i k e l y  t h a t  f o r  the  higher poros i t i e s ,  
a d d i t i o n d  res i s t ences  w i l l  be fomed a t  the  i n t e r f a c e s  of the  successive 
l a y e r s .  mese w i l l  a f f e c t  both e l e c t r i c a l  end t h e m &  flow i n  the d i r e c t i o n  
perpendicular t o  the  weave p a t t e r n  while not r e s t r i c t i n g  t h a t  i n  the  d i r e c t i o n  
p a r a l l e l  t o  t h e  weave pa t t e rn .  masurements of e l e c t r i c a l  r e s i s t i v i t y  were 
made on both samples 2 and 3 of each of these ma te r i a l s .  

For the  purpose of t h i s  t e s t ,  two thermocouples were spot  welded i n t o  small 
grooves c u t  i n t o  one edge of the  sample. Current e lec t rodes  were welded t o  
each end and the  sample was assembled a t  the  center  of a furnace which could 
be heated uniformly. Measurements were made a s  described previously i n  
Section 3.0, except t h a t  now the  p o t e n t i a l  d i f ference  across  the  sample was 
measured using *liket'arms of the  two thermocouples, a t  successive increments 
of temperature i n  a ni trogen environment a t  1 atmosphere over the  temperature 
range covered i n  the  thermal conductivi ty measurements. Repeat measurements 
were taken on cooling t o  see i f  any changes had been produced by the  heat  
t reatment.  

RESULTS 

The experimental r e s u l t s  of thermal conductivi ty and e l e c t r i c a l  r e s i t i v i t y  
obtained f o r  the  th ree  p a r t i c u l a r  samples t e s t e d  a r e  shown i n  Figures 2 and 
3 ( a )  - ( c )  respect ive ly .  

Brief mention should be made of t h e  f a c t  t h a t  i n  the  sample preparat ions 
some of the  pores i n  the  surface  l a y e r s  of all samples were f i l l e d  with 
metal due t o  the  smoothing processes required t o  obta in  uniform thickness.  
The e f f e c t  of having t h i s  very small skin  l a y e r  of higher dens i ty  i s  f e l t  
t o  be i n s i g n i f i c a n t .  The p roper t i e s  being measured a r e  the  bulk proper t ies  
of s u b s t a n t i a l  samples of ma te r i a l  and the  skin  l a y e r  cont r ibut ion  t o  the  
t o t a l  i s  negl ig ib le .  There i s  one advantage i n  t h a t  t h i s  skin provides a 
l a r g e  surface  a r e a  of contac t  between the sample and the  reference mater ia ls  
and thus helps t o  improve uniform l i n e a r  hea t  flow within the sample. 

For the  case of the  thermal conductivity, p a r t i c u l a r l y  f o r  the  20.3 and 
38.5$ poros i ty  samples, the  values obtained i n  vacuum were i n  all cases  
s l i g h t l y  lower than those obtained i n  ni trogen.  In all cases the  vacuum 
l e v e l  of the  t e s t s  was below 2 x lom2 t o r r  and i n  the  majori ty of cases 
below 10-3 t o r r .  It i s  poss ib le  t h a t  the  presence of a gas i n  the pores 
would tend t o  give higher values but  f o r  the  present  p o r o s i t i e s  they should 
be of the  order  of a maximum of 1 t o  256 when one takes  i n t o  account t h e  
very low thermal conductivi ty of ni trogen gas even a t  elevated temperatures. 

In  measurements of  thermal conductivi ty by the  comparative method, e r r o r s  
occur due t o  non-uniformity of hea t  flow due mainly t o  uncer t a in t i e s  of 
r e s i s t a n c e s  a t  the  contact ing surfaces  caused by non-uniformity of sample 
and warpage on heat ing.  b a t  losses  o r  gains from t h e  s ide  of the  sample 
s t ack  w i l l  occur whenever the  temperature 00 the  smroundings do not 
exac t ly  match those a t  correspondine; l e v e l s  i n  the  saaaple s lack .  To over- 
come this a cyl indr ic& guard tube swrounds the  s t ack  and the  top  and 
bottom t e m p r a l u s e s  src matched, Howver, these  a r e  away8 i n t e r f a c i a l  
r e s i s t a n c e s  a t  contact ing surfaces which w i l l  c r e a t e  s t e p  functions i n  the  
complete gradient  along the  s tack .  Wen measurments are ca r r i ed  out  i n  



vacuunr, the i n t e r e t i t i a l  gas a t  the surfaces is  removed end the magnitude 
of the  s tep  functions increase thus msking guarding more d i f f i c u l t  and the 
l ikel ihsed of Larger uncer ta int ies  i n  exkraneoue heat flowe. 

Experimentdly, the percent deviation f r m  the mean thema l  conductivity 
a s  measured by using the top and bottom reference materials  was generally 
l e s s  than 5 s  when measurements were undertaken i n  nitrogen. For the case 
of measuements i n  vacuum t h i s  difference was usually of the order of 10s 
and i n  two extreme cases was 11 and-15s respectively. Thus the uncertainty 
of the  value obtained i n  vacuum is greater  than t h a t  obtained w i t h  the 
nitrogen present. I f  the uncertainty l i m i t s  a re  applied t o  each data point 
individually then they overlap i n  a l l  cases. Smooth curves have been drawn 
through the  t o t a l  number of data points f o r  each material  and a s  a r e s u l t  
only one of the individual data  point8 is more than 5 s  from the mean curves. 

For the  case of the  e l e c t r i c a l  r e s i s t i v i t y  smooth curves have been drawn through 
the  experimental points and all values axe seen t o  be within 1s of the 
appropriate curve. In  all of the measurements no s ignif icant  changes were 
noted due t o  the  heat  treatment which the samples endured during the invest i -  
gation.  

Table I11 contains values of the measured t o t a l  thermal conductivity, AT, 
and e l e c t r i c a l  r e s i s t i v i t y ,  p , obtained a t  regular temperature in te rva l s  
from Figures 2 and 3(a)  - ( c ) . Also included a re  values of the Lorenz 
Function %++? using the appropriate samples of each, ident i f ied i n  Table 11, 
where the heat  and current flows were f o r  the same orientation.  For the 
three semples measured, although the  individual values h and p d i f f e r  
s ignif icant ly ,  the  values of the Inrenz Function at d i f fe ren t  respective 
temperatures d i f f e r  by l e s s  than 5s. This would indicate t h a t  f o r  other 
samples of t h i s  type of material  the thermal conductivity could be calculated 
t o  be t t e r  than 546 i f  e l e c t r i c a l  r e s i s t i v i t y  measurements were combined with 
the  mean values of the Lorenz Function obtained i n  t h i s  investigation.  The 
f a c t  t h a t  the  Lorenz Function Is approximately constant a l so  indicates that 
under the test conditions of these s tudies  the radiat ion component h R  
is negligibly small. 
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Figure 1 Schematic Assembly of Dynatech TCFCM 

Comparative Thermal Con&etivi$ Apparatus 
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FIGURE 2. TWERNIAL CONDUCTIVI"TV OF 304L STAINESS STEEL RIGlMESH 
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i Thermal Conductivity by Comparative Method 
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Thel.mocouple hlnterial: CH/&L Avg. 

Temperature Drops 
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TtIlll: 67gr 

of (how many) readings: 3 Data of (date): 6 
l 5 . o ~  - Ib.3~3 Rrd 

Average Temperatures 
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k Heat Meters, watts / dm deg C 
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APPENDIX A ( 3 )  

DETAILS OF EXl'bRIMKNTAL CON1)ITIONS FUH EACH IYLTA POINT 

2 x 10-3 torr 
4 x 10-3 torr 
3 x 10-3 torr 
5 r 10-3 torr 
6 x lom4 torr 

2 x 10-3 torr 
5 x 10-4 torr 
3 x tar r 

C1 2 x torr 

3 
4 

(AT) evrluted baaed on top reference - (Xg) evaluated baaed on b o t h  reference 
* Conductivity Difference T - B x 200 

AT t AB 

* I  
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