
                                                                                     

 
 
 

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION  
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria 

Tel: (+43-1) 26026-0 · www.unido.org · unido@unido.org 

 

 

 

 

OCCASION 

 

This publication has been made available to the public on the occasion of the 50
th

 anniversary of the 

United Nations Industrial Development Organisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

 

This document has been produced without formal United Nations editing. The designations 

employed and the presentation of the material in this document do not imply the expression of any 

opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development 

Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its 

authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or 

degree of development. Designations such as  “developed”, “industrialized” and “developing” are 

intended for statistical convenience and do not necessarily express a judgment about the stage 

reached by a particular country or area in the development process. Mention of firm names or 

commercial products does not constitute an endorsement by UNIDO. 

 

 

 

FAIR USE POLICY 

 

Any part of this publication may be quoted and referenced for educational and research purposes 

without additional permission from UNIDO. However, those who make use of quoting and 

referencing this publication are requested to follow the Fair Use Policy of giving due credit to 

UNIDO. 

 

 

CONTACT 

 

Please contact publications@unido.org for further information concerning UNIDO publications. 

 

For more information about UNIDO, please visit us at www.unido.org  

mailto:publications@unido.org
http://www.unido.org/


• 

• 

IS-83~ 
COllTEIT 
................... 

1 .. IITROOUCTIOll 

2. IECHAIICAL PROPERTIES 

- TENSILE TEST 

- IOTCHED BAR I•PACT TEST 

- HARDNESS TESTS 

- CREEP AID FATIGUE 

- ACOUSTIC E•I~SION 

3. THERIOPHYSICAi PROPERTIES 

- DENSITY AID POROSITY 

h\v~~i\ ,:Lf.~crn.. of ~erials 1 

pror~t:fts 

It • 

- THERIAL COIOUCTIVITY AID DIFFUSIVITY 

- THERIAL EXPANSION 

- SPECIFIC HEAT 

4. RECOl9EIOATIOIS,su11ARY 



- 1 -

1. llTROOUCTlOll ............ 
llod•rn quality control ie always conc•~trat•d on tha 

invaatigation or th• .. t.ri•l• prop.rti•• llhich •r• 

related to the rield or application or th• .. t.rial. 

for special rield• it ia therarora nac•aaary to d•v•lop 

new .. thoda or ta 11adiry axiating .. thoda r•apactiv•ly. 

In thi• report it ia not poeaibl• to report all the 

rec•ntly dav•lDped or 110difiad •ethode, because or th• 

great number of taeta due to th• increaaing nu•bar or 110ra 

specific application. 

ln order to giv• an id•• about interaating and epeciric 

trend• and t•ndenci•• t•o groups or inv•atigation and 

teats are reported in datail, both characterize typical 

develop•enta in this field. 

Th• propertiaa .. Y divided in 

- •echan~cal 

- el•ctrical 

- optical 
and tharmophyaical properties 

The various tr•nda in gen•r•l ahould b• explained by th• 

daac~iption or the first, th• .. chanical, and the last, the 

thar110phyaical group of proparti••· 

Th• ••thoda tor th• d•t•r•ination or th• .. chanical prop•rti•• 

a~• ••ll ••tabli.tl•d even for advanced .. tarial and a gr•at 

nullbar or international atandard teat• •xiat already. Great 

effort• are .. da to adapt th••• teat• ror apecif ic f ialda 

too and for a fully auto .. tical procedure. 

Th• chapter about th• .. chanical taeta therefor• includ•• 

th• g•naral trend• pr•ferably •r\d giv•• ao .. axa•pl•• or 
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intereating apeciric .. thoda, which can applied ror variou• 

type• or •tariala. 

The aecaad chapter .tliich deal• with ther11aphyaical properti•• 

giv•• a general d••cription or th• development or th• .. thoda 

uaed, llhich an •till rurth•r iaproved. One or th• •in te•b 

in thi• field i• th• iaprove .. nt or th• experi .. ntal equip119nt 

to achieve a high~r accuracy, that .. ana 110r• reliable date. 
+ Errora or - 5 " are relative low becauae oru.1 the dab ar 

one .. terial reported in th• literature an acatt•r•d •ithin 

one order or .. gnit~d•. 

In ror .. r ti•• •i•Pl• experi .. ntal arrange11811ta ••r• aurricient, 

but r•c•ntly th• engineer• and deaigner need 110r• accurat• data 

and th•r•ror• •or• aophiaticated equip .. nt i• n•~••aary. 

Eap•cially •ith regard to th• probl• .. or energy aaving alight ---iaprove .. nta in isolation have to be .. aaur•d becau•• th•y can 

reault a re .. rkabl• econoaic errect. 

There ar• only rew .. thod• which hav• beco .. an international 

atanderd already but the nullber or atandard teat• 18 increaaing. 

In thia report the rield or develop .. nta or ... auring .. thoda 

•hall be deacrib•d in an ext•nded .. y, to illuatrate the trend• 

in thia •odern rield or quality control. leverth•l•••· th••• 

••thoda are alao intand~d to run rully aut011atically. 

2. IECHt.llCAL PROP£RnES 

••••••••••••••••••••• 
lachanical proparti•• are •till one o'f the aoat iaportant onea 

in quality control, bacauaa ra•i•tanca againat •chanical iapact 

aoatly det•r•in• the lir•ti ... 

Aocording thi• illSJOrtanca t .. ta to .. aaure th• tefteila atrangth, 

th• hardn•••• the ductility and ao on ware developed long tille 

ago and are no• routinely uaad. In •pita of new •thoda they 
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will be uaed in th• future too. 

lechenical teat• play alao en important role in th• quality 

_control of advanced •ateriala. Due to th• apecialiti•• or th••• 
.. tariala, their atructure, apacific properti•• and field• of 

application, it i• artan neceaaary to adapt or 11adify th• existing 

••thada to th• apecial requir•••nta. There are a great nullber or 

auch .adificatio,.of course if you concern the different typaa 

of advanced .. teriala auch aa fibre reinforced co•paaitaa, rather 

bri.ttl• cera•ics, glaaa fibre reinforced plaatica, high te•paratura 

reaiatant and high d~ctila •etallic allays and aa an. Therefor• in 

this paper ao•• typical •athoda, which probably are of more general 

interest, are deaoribed. 

Independent of tha .. terial to be exallinad recant develap .. nta 

in tha field of ••chenical tasting are concentrated on two taaka. 

Ona is to teat th• .. teriala under conditiona, which era very clo•• 

to tha practicathat •••n• an th• an• hand ta axperi .. ntally detarllin• 

the prc~arti•• under condition• auch •• high tampereturea or 

corrosive ath.aapti.r•• and en the other hand to teat not only 

... 11 apeci .. na of .. tarial but structure ele .. nta ~uch •• tub•• 

or even •or• co•plicated deaigned ela .. nta. Reaaon of thi• recant 

trend ia th• incraaaing aarety con~lderatian aa well aa econollical 

conaideratiana. The •or• reliable th• 1ata th• 11ara accurate are 

the calculation• of deaign and atructure and therafo~• th• ... 1i.r 

th• aafety factor. 

Second which i• in ao•• way alao connected to aafety conaideratiana 

i• the intenaion ta a fully automatic control of th• .. eaure .. nt 

proceoure. leaid• an econa11ical reaaon ... ich i• probabl~ not valid 

for developing countriaa, th• reaaor. for autoaatic control i• tlla 

llUCh 901'8 better 1'8producibility or th• teat procedur •• Therefor• .. 

it i• ua1~ in other field• of acianca and tachnalogy in quality 

control Gaar~t.r• and date acquiaition ayate.. beco .. 11ara and 

more illpartant.. 
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According th• application or 8icroca11putera for data acquisition 

and evaluation in .. tariala teating th• •athods and apparatus 

ar. changed. la ... daya an auto .. tical parror..,.ca·of th• 

... aureaant procedure, th• data acquiaitian and evaluation 

can ba afforded avan by ... 11 labo~toriea. In addition the 

application of lli.croelectronica ... bl•• tha design of ca11pacted 

portable apparatus, which can be used outside the laboratories 

too. Ti .. conaucli.ng procedures such ae calibration of .. aaura .. nt 

ayata .. , co•panaatioa of 6ieturbing influence• can be carried 

out by the suitable eort .. re. 

There ara four .. in task• for the electronics. 

First and •oat i•portant ia th• data acquisition. An auto .. tical 

data acquaition syat•• is •oat valuable or even naceaaary, if one 

have to deal •ith a vary large number of .. aeuring points 

and/or a large nu•b•r or data. Second i• th• evaluation 

of tha data, ahich includes th• reduction of data, calculations 

ueing pradetar•ined tormula• and th• docu•antation of proc••• 

paraaatara and of th• raaulta. For th• first two task• personal 

co•putare are .. inly used. 

Third an auta .. tic control which ia nacaaaary to .. k• th• teat 

perfor .. nc•• highly reproducible. Th• controlling para .. tara .. Y 

be th• ti••• certain teat para•atara, the t••P•rature, the atr••• 

and ao .. thing •l•• or giv•n li•ita. Fourth ia tha control of the 

process paraaotara, ttmt .. ane t~• atabilization of the te•paratura 

the control of a ta•paratu~e progra .. , load cycl8e, gas caapoaition 

and ao an. 

In addition there ie another positive aapact uaing data acquieition 

eyata .. in .. tariala tasting. Connected •itt. a central computer 

th• data can be craneferad to U.i• unit etaractthar• and recalled 

by other technical or adllinetntiva depart.ants. For inatanca 

th• production can get a quick reaponem or th• product'• quality 

or aartif icataa can ba plotted. 
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TEISILE TEST 

Thia teat ia the .. 11 kna.. atandard teat tar the •eaaure .. nt 

at .. t:hanical praperti••· 

By the .. ana at the •adern electronic equip .. nt this teat haa 

not be•n changed in principle but the •valuation gf the 

atreaa-atrain diagra•• i• now •uch 110r• eaaier ta •valuat• and 

therefore it is paaaible ta get •are information out ar the 

reaulta at this •i•Pl• teat pracedur•· Computer• control the 

teat procedure, calculate the characteri•tic values auch as 

tenaile atrengtha, fracture thaughn••• end aa on, atare th• 

data, ca•pare the• with oth•r reaulta and P•rfora atatiatic 

calculatiana. Statiatica are very i•partant to get infar11ationa 

about the reliability of the av•rage valuea and the acattering 
band. 

IOTCHEO BAR IIPACT TEST 

The i•pact t•st .. aaures the fracture thoughneae in a very 

quick way. Unfortunately often tha results obtain•d in the 

i•pact t•st are not •bla to characterize the bulk .. t•rial 

quantitatively. Therefar• the uaa of th• i•pact taat ia .. inly 

reduced to the inveatigation of aheet .. teriale, in which field 
it ie alao a atandard teat. 

To get •are reliable infar .. tian fro• this teat a •adern trend 

or this w•ll eatabliehad ••thad ia tha inatru•entatian of the t•at. 

lnatruaentatian aria•• a new probl•• , it Le thet diaturbing 

vibration• •ith high fraquanci•• are aupari•paa•d on the transient 

load-ti•• re•pactivaly load-deflection record. Th• probl•• ... 

invaatigatad and it could be ahawn that the pradoainanta vibration 

Rodea ar• th• longitudinal vibrations of the ha .. •r bl•d• bat .. an 

the tup and the backaid• or blad•. S.cau•• of th••• reaulta a 

•adified ha .. arblad• ha• b••n designed with apecial precaution 
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tor increased d .. ping or th• dieturbing vibrationa. It could be 

experi••nt&lly ehown that •oat or the diaturbing vibration• are 

removed. Thia will i•prove th• evaluation• or th• tranaient 

load-detor .. tion-diagrs .. or an inatru .. nted notched b~r i•pact 

teat becauae the characteriatic point• of the diagn- can be 

identified in a better .. y. 

HARO!ESS BSJ 

Th• .. 11 known teeta are the Rock .. 11, Vicker• and Brinell test • . 
lh•Y are very co11110nly uaed because they can characterize the 

.. chanical proparti•• in a very •i•Pl• and quick .. y. Therefore 

there will be no re .. rkabl• change or thee• teats in th• future. 

leverthslea& the apparatus are i•proved and specialized tor 

•odarn raquire•anta. licroproceaaora_and co•putera are applied 

tc hardn••• teats too. There are already fully auto .. tic taster 

available. A further i•proveaent i• the reduction or ••ight of 

the apparatus that they are portable. Such devices are specially 

suitable tor the perfor .. nca of rapid and reliable hardness 

tests i.e. on a1eateating ~f large and heavy work pieces or 

fixed installation co•ponanta, during ·production, eapacially 

during .... production, for .. chines already in ~lace, at .. tarial 

storage d•pots for the identification of •t•riala, at difficulty 

accessible locations and in cn•ped apace conditions and tor 

tasting variations in herdneaa of especially large w~kpiacea. 

ln addition to the ~xpari•ental i•provaaents gre•t efforts are 

•ad• to get e .. xi•u• of infor .. tion froa th• ai•ple hardness 
. . 

teat. Therefore for11Ula are davaloppad and calculations are .. d• 

to get a moat chactariatic value of the .. terial tro• the gao .. tric 

di••naiona of th• i•pnaaion in th• teat piece •• 

The investigation of •icrohardn••• beao•• •ore popular. lecauaa 

of the 1111aauring de .. nd o' th••• investigations develop .. nta are 

.. d• to run this teat auto .. tically controllad too. The intension• 

war• auccaaarul, that there i• an auta .. tic apparatus co ... rcially 

available already. 
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CREEP AID FATIGU£ 

ContinaDu• d•tor .. tion can occur in .. teriala and in particular 

in .. tale and alloys at high t•llP•r&tura, •h•n thay are 

•ubJ•ct•d to conataat applied force. Thia ti••-depenaent 

detor .. tion.ia called cr••P• The criteries ror alloy 

development tor high te•perature application e.g. gas 

turbines are .. inly the creep prcperti••· •hen the creep 

charactariatic• of a .. terial are ••11 •~tabliahad, an 

engineering co•ponant can ueually b• d••i~ned to achieve 

the raquirad life under •pacified operating conditions 

•ithout failure dua to cr••P-

Tha mosi •idaly u•ad technique for providing angin•aring 

data involves the tensile creep ruptur• teat .. china. Thia 

conaiata of a dead weight applied to a lav•r ayate• acting on 

a tensile teat-piece or cylindrical or aheei ahap• •ith the 

gaug• portion heated by a raaiatanc• furnace. Ta•p•rature,. 

load, rupture ti•• and ruptur~ •longation era the para•atar• 

•eaaurad. 

If strain var•u• ti•• ralationahipa have to b• ••aaured a 
strain recording eyate• is needed. Far this purpose ta•t-

piacas with ledges at the two anda of the gauge length era 

usually adapted. Th• relative dieplac•••nt or the ledge• i• 

transfered. out or the furnace and then .. a•urad. High ••n•itivity 

inductive or cepaci tor tran•ducera ftava replaced •chanical and 

optical eyeta••· thereby facilitating auta .. tic data logging 

and their co•putar elaboration. Ir raet •train variation• or 

a highly dl•turbad •train •ignal have to ba ... .urad a 

conti,..ou• recording, uaually by a chart record•~, i• batter 

than logging pai re or diecrat• valu•• or atrain a: 1d ti••. 

Fatigue data currently obtained and uaad in engin11ering da•ign 

and parfor•nca ••••••11a11t era andunnce da'8, ueually in the 

for• of an S-1 (s ••••• atr••• I ••••• nUllber of cycle•) or E. ·I 
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{ ~ ••••• atrain) curv•. Enduranc• curv•• ar• d•rived fro• 

canst.Rt .. plitud• t.ata on plain epaci .. aa ~r structural 

f•turea. 

la rec.nt ti•• hydraulic cloaed-loap aad c08put•r-controlled 

aachinea for -..chanical t••ting have beco .. available. This 

•ad•rn, veraatil• and pr•ci•• equip .. nt permit• coaplex 

tanaile, coapression and bending atreaa cycles to be 

perfor .. d and is •idely ••Ployed for ratigu• but also tor 

creep at variable load, for creep ratigue and tar atreas 

relaxation teats. 

A further aspect directed to lifa ti•• prediction i• ther .. 1 

fatigue& lost log-cycle fatig~• proble .. in high teaperature 

aachinary involve ther .. 1 ea ••ll aa .. chanical loadings. 

By theraal loadings it is aeant ttmt th• .. tarial is subjected 

to cylic teaperature si11Ultaneoua with cylic atreas. Analysis 

of these loading• and consideration or the attendant fatigue 

becomes vary co•plex. Recent ad~ances in analysis aethods, •·9• 

finite •le•ent co•putar prograaa and testing equipaant a.g. 

aervohydraulic teat ayata• help ta eolva the proble••· 

ACOUSTIC E8ISSIDll 

Acoustic eaiaaion i• called a quaai non destructive taeting 

becauae th••• .. Y ba affects in th• apeci .. n llhich lead ta 

• da .. ga or tha .. tarial. Neverthele•• it bacoaea aora often 

used.in .. tarial testing. In general acoustic eaiaeian can b• 

defined aas The elaatic .. ve generated by the rel•••• of .energy 

internally stored in a structure. Acoustic eaiaaion •aourcea• 

•hich can be deacribed aa different pracaseaa eaitting elaatic 

aaves, G!ln be basically claeeified in 4 different groups 



-------------------------------

- 9 -

- dislocation 110ve .. nta 

- phase tranaror .. tiona 

- friction ••chaniaaua 

- crack for .. tion and extenaiona 

a,1atad to ••chanical properties the crack ror11ation and 

extension i• the aoat 1•portant ana. 

The highast a•plitudaa of the ••ittad signal are alao gan3ratad 
fro• crack ror .. tion. 

It occurs at surface notches or at points inaida a .. terial 

where local atreaaea axcaad the fracture atraaa. The ~rack 

r~r .. tion raaulta in creation or new aurfacea and strain 

energy ia released which ia partly tranafor••d to acouatic 

amiaaion signals. It the source allite a spherical wave packet, 

it mill be propagated aa such only in an infinite isotropic, 

ho•oganeoua, ideally elastic .. diu•. In raal atructuraa the 

propagation will be arr~ctad by aurracaa, grain boundaries, 

•icrocracka, incluaio•18 ate. aniaot.ropy, inhomoganitiaa and 

non-linear elaatic behaviour. 

•hen the ••ittad atraaa .. va reach•• the tranaducar th• atraaa

atrain condition ha• to be converted into an •l•ctrical signal 

which can ba treated by alactronie .. ana. Arter a11plification 

and a proper evaluation of th• signal an avan detailed knowledge 

of the nature of the aourca can be obtained. A detailed analyaia 

or the .. varor•, the frequency apactru• and th• a•plitude 

diatribution ia of'tan nacaaaary. 

SOM or the advantagaa or the •thod are r••ta detection and 

location of flawa, integral ••thod, high Hnaitivity 8lld detacta 

active f la•• On the other h ....... of Ula lillitati•• are noted, 

high dependence on •hri•l• •d coupU.ng •thod, diftioulti• to 

detect apouriaua aourcaa, li.11.ltacl informati• • Ula type of tla•. 
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lecau•• or th• poaeibiliti•• or th• .. thod it i• already u••d 

in practice ror t•ating different kind of advanced .. tari•l• too. 

A ••P•rata, v•ry i•partant field of quality control is the tasting 

by nondast~uctiv• •ethods (IDT), but bacauaa of ita great •xtant 

it ia not poaaibl• to cover it in thia report too. lh• ~raat 

nuuer of teats, llhich a.a still incf,.aing, -Y be divided 

according the phyaical properti•• the t .. ~ are baa•d on. 

- optical ••thoda (holograpltical •thoda) 

- radiological .. thoda (absorpllon, diffraction, tranaaiaaion, 

rafl•xion of particles and radiation 

reepectivaly) 

- nuclear physic.al .. thoda (activation analysis) 

- elastic oscillation (acoustic waves, ultrasonic teats) 

- •agnatical and electrical aethoda C•cattaring and diffraction 

of aicrowavaa or •agnatic field, eddy 

currant teats) 

for details the related litarature has to be studied. 

l. THER•OPHYSICAL PROPERTIES 

0£1SITY AID POROSITY 
D11neity and porosity are i•portant para .. tar to characterize the 

condition or a aatarial. Often the knowladg• of theoretical density 

and the porosity is sufficient for a rough estiaation of the 

prop•rtias of poroua Materials. A great nu•bar of prop•rtias are 

influenced by th• porosity e.g. thar .. 1 conductivity, electrical 

conductivity, ea•• .. chanical proparti•s ate. Especially with 

regard to the advanced .. tarials such •• high-tech caraai~s and 

po•d•r aatallurgy(P/1) .. tariala the values of porosity play an 

i•portant ~al• and indicate the quality of the products. 
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At the beginning, the definition or den•ity and porosity should 

be noted 

- bulk density: The meas of the .. terial divided by its bulk 

volu•e, i.e. it3 total volu .. including internal por•• 

- irue denaitya The 8888 of the .. terial divided by the volu•e 

of solid .. terial excluding open poroeity. 

- theoretical density: The density of the 88terial excluding 

all forms of porosity. 

- tetal porosity: The volu•~ of void space within the .. terial 

divided by the bulk volu•a, expreaaed as a fraction or 

percentage. 

- open porosity: The volu.. f void apace within a material 

accessible fro• the exterior, divided by the bulk volu•e. 

- closed porosity: The volu•e of void space within the .. tarial 

inaccessible fro• the exterior, divided by its bulk volu•e. 

fhg bulk density of sa•ples of si•ple geo•etric forms such as 

cylinders or cubes can be easily deter•inad fro• their di .. nsions 

and weight. 

To determine the true density the displace•ent principle is used. 

lod~rn pycnometry represents a ref ina•ent of the displace•ent 

principle and often uaes a gas.as the displaced ••dium. In the 

gas pycnametry the valu•e displace•ant is determined fro• the 

pressure-volume relationship of a gas under controlled conditions. 

Helium is reco•manded insteaa of a liquid b~cause it does not 

adsorb on most .. terials, can penAtrate por&s as ••all as 0,1 •• 

and behaves as an ideal gas. further there are no proble•s with 

wetting, interracial tension and evaporation. 

Another •ethod for denaity •easure .. nt i• ba•ed on the absorption 

of a •ono-energetic X-ray or f-radiation. The ~ate or a abaorption 

depends beside the thickness fro• wave length, ato•ic nu•ber of 

the •••Pl• •atarial and density. Wave length ato•ic nu•ber and 
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thickn•s• can kept constant. Tha resultin~ constant (K) can be 

deterained by calibratiaD with a .. terial of •ell-kno.n density. 

The density of the speciman .. teria! can be calculat•d by th• 

following expr•aaian 

~ . 
1. •••••• 
Io •••••• 

ln C1 /Ia) 
-K 

intensity of tha· radiation 

initial intensity of the radiation 

The theoretical d•nsitv of cystalU.ne aat11rials is possible to 

calculate fro• the characteristics of the ale .. ntary call, that 

••ans their nu•bar af ata•s (Z) and the str~ctura typ, the diat~nc• 

between atomic planes (a) and the ato•ic •eight (A). For a cubic 

crystal the theoretical density (d) is given by the •Xpraasion 

d = 

where A/N is the weight of ane single atom (N ••••• Laschmitt 

number). The required structure data are obtained by X-ray 

structure analysis. 

A mare specific •athod is the levitation method, which is uaed 

ta measure th• density of powders and s111all particles. Th• material 

ia disparsed in a liquid of •hich the density is continuoualy 

changed by the addition of a second liquid of different density. 

Levitation of the particles indicates that their density is 

equal the density of the liquid mixture. The latter one can 

easy be measured by the determination of volume and weight. 

Jotal porosity is difficult ta measure. One approach ia to grind 

the material to ~ powder finer than the ... 11aat inter-apace 

distance and comparing the powder density with the bulk density. 

leaauring the den~ity of the generated po•der one has to take 

care that the fine powder particle• do not trap bubbles during 

immersion in th• liquid of the pycnomatar. Anoth•~ way to 

determine the total porosity ia to co•pare the bulk density 
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with the theoretical value ••aurad on th• •••• •tarial or 

taken rraa the literature. Alternatively, the total paraeity 

can be esti .. ted by a line intercept or area counting ••thod 

on carefully prepared poliahed craaa-aectian. 

A suitable and recently caallOn uaed aethod ta meaaure the .!I!!!!. 

paraaitr 1• the aercury poraaiaetry. Thia .. thod uaea the 

penetration af poraua aalida by aercury under pressure ta 

characterize the pare voluae and pore size diatributiDA of 

interconnected pores ranging fro• 500 to 0.003}1• in di~••t•r. 

The porous aatarial ta be analysed i~ placed into a aercury 

porasimater, in mhich the valuaa of aercury abaorbed by the 

pares is aaaaured as a function of the preaaura appli•d ta 

the •ercury. The technique has bean applied ta a variety af 

porous materials, such as can~~eta, bricks and tiles, 

engineering ceramics, porous •atala and powders. The method 

is based on the following equation: 

d • -• rp co• .,f, 

Where P is the pressure required to force the aercury through 

a pore of diameter d. if.is the contact angle between the aercury 

and the porous material. 'f' is the surface tension of mercury. 

lercury is used as the intruaion liquid because it does not wet 

moat materials, a fundamental requireaent of the method. 

IHERIAL CONDUCTIVITY AND DirrusIVITY 
Heat flaw and te~oaratura distribution determine the energy 

consumption. Acca&ding ta the iapartenc• of an~gy saving the 

th•r•o-phyaical prapertiea becaae •are and aore iapartant and 

a great effort ia aada to aeaaura th• ther .. 1 conductivity of 

in•ulating aa wall •• at goad conductive aateriala in an accurate 

way. 
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IA the •xperi .. ntal deterainatioA of the ther .. 1 conductivity of 

aolida, a nU11ber of differant ••thoda of .. aaure .. nt are required 

for different range• of t••P•raturea aad far varioua cl••••• af 

.. teriala having diffaraat rang•• of •har .. 1 conductivity valu••• 

A particular .. thod .. Y thus be preferably ava~ th• others far • 

given 11aterial and ta•parature r•ng•, and no one .. ttaod ia 

suitable for all the required conditions of .. aaura•aat. The 

appropriatenaas of a 118thod ia further d•t•r•ined by auch 

conaidaratians as the phyaical nature of th• .. terial, the 

g•o .. try of aa•plea available, the required accuracy of results 

and the apaed of operatio". 

Two •aasure•ent principleG are the basis far all the .. thada for 

conductivity deter•in•tion. First the •ethod with steady atata 

heat flow, in which the teat apeciaen ia aubjected to a te•perature 

profile which is ti•• invariant. rhe tharaal conductivity is 

determined directly by measuring the rate of heat flo~ per unit 

area and by aeaauring the temperature gradient after equilibrium 

has been reached. 

Second the non-steady state method, in which the teaperature in 

the specimen varies with time. Using this method, the rata of 

te•perature change is measured. fro• these data and the geometric 

dimensions the theraal diffuaivity can be dater•ined. The thar .. 1 

conductivity K is then calculated from the theraal diffusivity a, 

the density d, and the specific heat Cp of the .. terial according 

the formula 

K • a.d.Cp 

So•• of the aethod• co••only uaed in order to det•r•in• the 

conductivity of advanced .. teriala are dqacribed in •ore detail. 

§uardtd hot platt. 

Thia steady atate •ethod i• preferably uaed for low-conductiv• 

aateri•l• such ea fibre inaulating llllterial, high poroua ea•plea 
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and co•pactad polldars. 

Shape and aiz• or the spaci•n uaed in varioua apparatua are 

different, but in general th• a,.ci•n length to •idth ratio 

1• ... 11, bacauae th• ••llar thia ratio th• ... 11ar i• th• 

ratio of lateral heat loa••• to th• haat flo• to th• apeci•an. 

The absoluta valu• of the dia .. ter of a disk abaped epaci•en 

cm11anly uaad •Y even exceed 1 •· 

Th• axperi•ental arranga•ant ia so deaigned that tha flo• 

of heat ia oaly in one direction, i.e. th• axial direction 

of the cylindrical speci•en. Tha radial heat lo•••• are 

prevented or •inimized in •ost of apparatus by the use of a 

guard heater, mhich is ao adjuated that the te•perature 

gradient is zero in all directions except in the direction 

of tile axial heat flow. 

Provided that the above •entioned requiremant are fullfilled 

th• the=•al conductivity can be deter•ined by the following 

equation 

K = -g Ax 
A AT 

K •••••• ther .. 1 conductivity 

q •••••• rate of heat flow 

A •••••• croas c•ctionel area of the apeci••n 

/J.T •••••• temperature difference between two points of 

•eaaura•ent along the heat flow directions 

/l)t. •••••• distance between the points of ta•parature 

uaaura•ant 

In •oat of the •odarn apparatus th• rate of heat flow ia 

daterminad by tha powarinput to an alactrical haatar, but it 

••Y be alao datarainad by a calori•atar or a haat flow .. tar. 

The ta•paratura ••aauraaanta ~r• .. de generally with therao

coupl•• inaartad in the apaci .. n or allbaddad in grooves on the 

1paci•an aurfacaa. The 118thod can be fairly good uaad up to 

about 400° c. 
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The guarded hat plete ••thad ia ver) ••11 developed •nd very 

atten uaed in r••••rch inatituta •• ••11 •• in the laberatariaa 

or the industry~ Accordiag it• raage or applicability it ia th• 

•aat i•po~tant .. thad tar the determi .. tian of av•ry killd at 

inaulating .. terial tar tacnnical application and buildinga. 

Recant .ark ta i•prava the .. thod ... ..inly directed to 

evaluate th• lleat loaeaa, llhich era not ca11plataly naglagibla, 

in order ta correct the obtained raaulta and incraaaa their 

accuracy. 

Invaatigationa are also carried out running th• apparatua 

under diftarant ·at110apharaa, bacauaa the kind af gaa and it• 

praaaure influence the conductivity af poroua .inaulating 

•atarial ra .. rkably. 

Co•parativa ••thad 

This •ethad is also baaed an a longitudinal steady state heat 

fla•. The rate of heat fla• ie datar•inad by the ta•paratura 

drop in a reference •aterial. The reference •••Pl• of known 

thermal conductivity is placed in aeries with the unkno.n 

specimen. Under ideal conditions, that •eane the ea .. rate 

of heat fla• through the reference •••Pl• and th• epeci .. n, 

the ther .. 1 conductivity can ba dater•ined by th• uae of th• 

fallowing far•ula 

K • Ar CAT/Ax)r 

A (bT /Ax) 

•hara th• subscript r da~ignataa the reference •••pla. 
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C-..arative ••thoda have th• advantage• or •i9Pl•r apparatua and 

•••i•r operation. B•caua• or th••• benefit• they ar• very auitabl• 

in th• field or .. tarial develop .. nt, ainca th•y can quickly 

provide th&rmal conductivity data or lie• .. t•rials, ••pecially 

tha increeaing nullber or compo•it• .. teriala can aaaily b• 

teated by this .. thad. 

The nsulta obtained are ar lo .. r accuracy than raaulta by th• 

hot plate ••thod due ta the additional uncertainly-in the 

conductivity or the reraranca ... Pl•, tha conductivity mi ... tch 

bat .. an speci .. n and rererenc• aa11ple and due to th• interracial 

ther .. 1 contact raaiatanca. The ••thod i• u•ually uaad in tha 
a a a teaperature range of -50 C up ta 95D c. Abon 950 C it i• very 

difficult to reduce tha haat la••••· that they are naglactabla. 

for spacial purpoaaa .. thade *1th radial ateady state haat flo• 

••r• also developed. Ona cylindrical .. thod is the moat i•portant 

ona of these .. thoda but is also uaad only tor apacial applicationa, 

e.g. ther .. l conductivity •ea•ura .. nts of granules or powders, because 

of the rather co•plicatad spaci•an preparation. 

The conductivity is calculated fro• the exprasaion 

K • q ln (r2/r1) 

21i l (r1-T
2

) 

l •••• length or the centr•! h•atar 

T1,T2 •••• ta•paraturaa ••aaurad at radii r 1 and r 2 

Lina heat aqyrge •ethod 

Thia ••thod uaaa a long thin haatar •ire •• lin• aaurca. Th• •ire 

uaually aade or Platinu• i• auppliad by a cl>ftatant power input. 

Thi• hot •ire - therefor• th• ••thad i• ortan called •hot wire 

aathod• - i• ••bedded in a larg• apaciaen, .hich i• initially at 
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uai.ron t••perature. After th• heater i• turned oa th• t.aperatur• 

or th• hot .tr• ia recorded •• a ruaction of ti ... 

The ther11al conductivity ia given by th• expreaaiOD 

K • ln (t2/t1) 

{T2-T1) 

T2-T1 •••••••••••t. .... rat~r• difference bet .. en two 

~ffer3nt ti .. • (t2 , t 1) 

•1n advantage of this .. thad ia •he aplllicability up ta very 

high teaperaturea. Therefore the ••thod plays an iaportant role 

in energy saving inveatigat.i.ona becauae it ia v•ry suitable for 

the d•teraination of thar•l insulating •teriala for high 

teaperature application auch aa refractory atanaa. The large 

speci .. n volu•• (diaenaiana are: 230 •• x 114 .. x 64 aia) 

••kea it suitable tor the 1eter•ination or heteragenaus 

aaterials end even of powder sa•plas. The disadvantage of the 

aethod is the very long time for a teat and the liaited 

conductivity range (K( 2 W .-tK-1 ) - if you do not •eaaure 

the te•perature of the hot wire itoelf, but on a certain 

point in the aaaple, it is poaaibla to increase the 

conductivity range up to 25 W .-1K-1 ). 

The ••thod is to beco•e an international standard ••thod ror 

testing refractories. A geraan prestandardiaation exiata already 

(DII 51 046) and a ISO standard i• undar elaboration. 

Flash aethpd 

By the uae of this •ethod the ther .. 1 diffuaivity ia deter•ired. 

In this •ethod a flash or ther .. 1 energy 1• supplied to an• of the 

aurfac•• of a disk apeci••n •ithin • ti .. interval that ia ahort 

coaparad •1th tne ti•• raquirad for th• resulting transient flo• 

of heat to propagate through the apeci .. n. In aoat of the •odern 

apparatua a laaer aupplies a flash or energy to the front race 

or a thin disk speci•en. The di .. nsions or the speciaen depend 
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at th• deaign or apparatua uaed but are in general about ~o •• 
dia .. tar and 1 to 3 •• height. At th• rear race or th• apeci••n 

the te•perature ti•• history ia recorded. It ia edvantageoua to 

... aura th• t•perature by a contactl••• •thod auch •• by 

pyrometry in order to avoid the probl••• with thermal contecta, 

raaponaa ti•• and heat tranaport al ... ~g the •ir•• uaing thermo

couple•. Th• ther .. 1 ditruaivity can be determined rra• the 

thickn••• or th• apecimen l and the ti•• t 112 et -"ich th• 

beckfeca temperature reach•• halr it• •exi•wa value by th• 

expreaaion 

Advantage• of this •ethad are the very •i•ple apeci .. n 

gao11t1try, ai•ple operation, very quick .. aaur••enta end s 

wide temperature and diffusivity range. Because or th••• 

advantages it isavery auiteble .. thoa ta generate the data 

for a data sheet and it is also a very proper quality control 

instru•ant. 

Flaah diffuaivity •aaaure .. nts are therefore ortan uaad in 

th• field of .. terial davelop•ent •Ork, e.g. very recently 

for the inveatigation nf .. terials ror cutting taala, 

c•••nted carbides aa well aa cera•ica. Another field or 

application ia connected to safety canaiderationa related 

to nuclear power atatiana. In that case it is i•portant ta 

know the te•perature diatribution in a reactor core arter a 

lo•• of coolant accident. In order ta calculate this 

distribution th• thar .. 1 diffusivity of Uraniua dioxide at 

very high ts•peretura• and evsn in the 11alten atete have to 

be kno.n. 

Alaoat all of the .. tarials can be easy ••••ured by th• laaar 

flaah •athod. Cara ha• to b• taken datar•ining hat6.roganeaua 

.. tariala, bacauaa rapraaantativ• aaapling and t:.llc achiava•nt "' an 
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unidirectional heat tlo• .. Y be difficult. Tranalucent 

.. tariala can b• oaly .. aaured by Ulia ••thod if 

the tacea are overcoeted •iU. an opaque h .. t •D~orbing 

layer. Th• .. thod i• a atandard for diffuaivity deterllination 

or graphite •••Pl•• up to high te•peraturaa. In addition •ork 

is going oa to eatabliah it •• an international atandard 

(AST• • 37.05.03) for diffusivity .. aaura .. nt in g•n•r•l. 

The ther .. 1 conductivity can be calculated fro• diffusivity, 

apecific neat and density data as .. ntloned before. 

TH£RaAL EXPANSIQI 
Ther .. 1 expansion data are necessary for the calculation or 

thar .. 1 stresses. In addition this property vary ••ll 

characterize the .. tarial, •·9· the detar•ination of ph•s• 

transition and th• shrinkage during the sintaring process 

are i•portant applications of ther .. 1 expansion •aesure .. nts. 

The trend in advanced .. terials is to develop •atarials with 

vary low ther .. 1 expansion coefficient. Such .. tarials are 

vary suitable for high ta•paratura application because or the 

r~duced ther .. 1 strasaes and thera21l shocksaneitivity. On the 

other hand the davelop•ant of these aatar~als requires .. asuring 

•athods, mhich are able to datar•ina even very lo• ther .. 1 expansion 

at very high te•paratura. 

Th• linear expansion coefficient is th• fractional increase in 

length per degree rise in ta•perature et a particular ta•paratYr• 

and therefore given by the following expression 

1 ~ 
a (T) • l dT 

••••••••••••linear expansion coefficient 

l ••••••••••• length 
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The ... n expenaioa coefficient, llhich i• co .. only reported ia 

given by the equation 

a • L 
La 

L - La 
T - Ta 

1.e. fractional incr•••• in length aa a result of increase in 

tgaperature tra• To to T. 

Tube dilato!!tara 

Th••• dilata••t•r• are the east oa .. only uaed a~••· With the nan

difterential tube type dilatoaetera the .. thad ia a caapariaan 

••thad in llhich the thermal expansion af the apeci••n i• coapared 

to th• tuba .. t•rial. tith a differential dilatoaeter the theraal 

expanaian of a speciaen ie •eaaured relative ta • reference aaterial. 

An iaportant application for differential expansion ••aeure .. nta ie 

for quality control. It is used now routinely for quality control 

••aaure .. nta for instance on gas turbine coaponents and on glasa

cereaics. Develop .. nta had to be .. da to run the dilato .. tera at 

high taaperaturea too. High taaperature dilatoaetera ara no..adaya 

aade of aluaina, tantalu• or other refractory aateriala. 

Interfera .. ters 

With intar:eroaetric ••thoda the absolute value of thsr .. 1 expanaion 

can directly be ••••ured. The nuaber of fringes that paaa a reference 

point is a ••aaura of th• change in length or the apeci .. n. Using 

th••• ••thods it is necasaary to poliah parallel optical f late on 

two opposing tac•• or a rigid teat block and to take .. aauraaanta 

of diaplaca .. nt after several haura of atabilization ot teaperatura. 

The accuracy of the ••an ther .. l expanaian coefficient i• li•ited 

by uncertainty in taaperatur• unifnr•ity but it ia in the rang• of 
-8 -1 a 10 K aver the taaperatura ranga at 25 up ta 200 c. Becauaa of 

the raquir•••nt an th• saaple condition paraua or thin bara can 

not be .. aaured by th••• tachniquea. 
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X-ray Mthada 

The ther .. 1 expaneion of cryatallin• .. teriala can aleo be 

••aeured •ith X-ray ca•erse and diffracta .. tare. Th• principle 

af th• .. aauramont ie baaed on th• change at th• dietaaca of 

atomic planes •ith teaperatura. With the 11aans af X-ray diffraction 

the quantity af this change can be .. aaurad. 

When ueing th• ca .. ra ••thod th• epaci••n hae ta be a fin•

grained polycryetalH=:; ;ire, a pa•d•r ar a single cryatal. 

Inetaad at X-ray neutron diffraction .. Y uaad far special 

-••ure .. nte af th•r-1 axpa11aion of •t•riale, .hich •r• 

caapoeed of light elaaente auch ae spacial plaetica and other 

hydrocarbon baaed aatarial. Th• .. in disadvantage coapared •ith 

X-ray ••thod is th• price because for th•r-1 ~•utrone one naada 

a nuclear reactor aa eourca. 

SPECIFIC HEAT 

Specific heat also c~aractarize the theraophysical-tharmodynaaical 

behaviour of the .. terial and it is necessary for th• calculation 

of therlillll conductivity fro• diffusivity aaasure•ant and vice versa. 

Therefore a description of aaae iaportant aethads is included in 

this report. 

The priaary ••thoda for the aeasuraaant of tne specific heat or 

solids which era co .. only used are the •athods or •ixturas or 

drop •ethod, adiabatic ••thod, coaperative aethod, pulaa heating 

••thod and aodificationu of th•••· 

Drop ca\ari!f try 

In a drop calori•atry the haated •••Pl• ie drop~ed in tha 

caloriaatar, •hara th• heat given off by th• •••Pl• to th• 

environ .. nt ie aaaeurad. According th• ••diu• to which tha heat 

ia releae•d tha calori•ater is called ica, iaother..U. water or 

copper Dlack calori .. t•r. Tha aaaunt of heat r•l••••d fro• the 

apeci .. n ia aeaeured by tha taaparatura incr•••• of tha aadiua e.g. 
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.. t•r or copper. 

Pull! h!!ti!!P •thod 

For .. t•riale llhich ar1 electrical canductor1 thia .. u.od .. , 
be preferably uaed. Th• 1peci•n i• directly h .. ted by it• 

r••i•tance. The current flawing through the apeci .. n and th• 

valt.ag• drops are •aaeured.•imultaneoualy •• a function of ti ... 

Th• ep•cific r1eietance at ••ch ti .. interval i• calculated fro• 

the croe•-••ctional ar•s of th• •••Pl•, th• voltage, the current 

and the distance b•t•••n voltage prob••· Th• specific •l•ctrical 

reaietanr.• ie then plotted ae a function of ti••• The apecific 

heat can be calculated fro• the .... of •••Pl•, the te•peratur• 

coefficient of th• r••istance and the ti•• rate o~ change of 

resistivity. 

Differential Scanning Calori•eter 

It is an apparatus co .. only used to detar•ina th• specific heat 

often it is used to generate the data ••pecially for conversion 

ther•al diffusivity in ther .. 1 conductivity data and vice versa. 

S11all spaci•ens - solid sa•plae are often cylindrical shaped 

with a dia•etar of about 6 .. and a height of about 1 •• - are 

fastened on a heated •••Pl• holder and tha heat input are 

••asurad to achieve a linear increa•• of epeci••n te•peratura. 

The calibration ie ch•ckad •ith a reference mat•rial usually 

a eapphir is ueed ae etandard. 

4. RECOUIEflfDATIOIS, su•IARY 
••••••••••••••••••••••• 
Becau•• of the in~reeaing economical relatian•hip betll8en 

induetrilized and developing countri•• th• nullber of goad•, 

which the d•veloping countries have to sell will probably 

incr••••· In connection •ith thia development there ie a 

•trong de .. nd on q~ality control or the products they .ant 
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to ••11 abroad. Cuato .. ra of th• induetriliz•d countri•• 

have to ba aura that the quality control i• parfor11ad in 

accordance with international atatua • 

The baat .. Y to tullfill th••• raquira .. nt i• ta carry out 

international standard taata tor quality control. To aaaura 

the quality of thaaa tasta the general tracad i• a largaly 

auto .. tic procedure, llhich in particular .. ana coaputar 

controlled teats. The devalop .. nt in the field of ••ahanical 

taatin9, in which th• airiunt or standard teats ia vary high, 

aha•• the poaaibilitiea and teaks of the applied electronics 

and coaputers. 

The •••e g~al, higher quality assurance, is obtained by the 

further devalopaenta of teats, by which the properties are 

checked under conditions closer to the practice. In the field 

of •echanical properties axaaples are creep and fatigue teats, 

which even run under corrosive at•osphere now. Baaida tha field 

of nor.destructive testing(it is not included in this report) 

in which tests ara further davalopped and naw ones ara found, 

a rather recant method in materials tasting is the application 

of acoustic eaisaion. 

A completely different trend is described with the thar•ophyaical 

properties tests. lechenical properties were always very i•portant, 

tharafora taste are aetabliahad for a long tiae, which are 

contiB oualy i•provad of course and completed, and the anet 

iaportant onus are an international accepted standard already. 

In thar..aphyaical testing the properties bee••• •ore important 

related to the energy aituation and therefore tharaal conductivity, 

•pecific heat, thar .. 1 axpanaion and •o on have to ba included in 

aatarial charactariaation to a auch greater extend than in tha 

peat. In accord4lnca •ith this trend aoae ne• .. thad• wara davaloppad 

and tha accuracy of tha axi•ting ara carefully chackad. In addition 
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there are a nullber of atandardintian procedure• going on. 

Generally apok~n the 110dern trend in quality control ia to 

•k• u.. b•t• 

- quicker 

- 11are accurate 

- 11ar• reproducible 

- •ore raliabl• 

~ith respect to the davelop .. nt of quality control in 

developing co~ntriaa so .. raco ... ndatione .. Y ba .. d• 

- In general it ie vary useful to apply a paraanal ca•puter to 

tha t .. t •quip .. nt. Experience have sho.n that e peraonal 

ca•putar cloaa to the teat is batter than a huge centr·1l 

co•put!.ng unit. 

- Every t••t should run auto .. tically aa tar aa possible. 

- In a field where standard teats exist they should prafarably 

used. 

- For aelf-devalaped .. thoda a routine procedure should be 

established and docu•ented. In addition it ia i•portant 

to fix a quality aaauranca progra .. for the teat. 

- Related to the equip•ent, it ahould be painted out, that 

in .. ny caaaa the larger the poaLible field of application 

the mo1:e aff;.a:iant th• apparatus era. Exaaplaa are th• 

:omparativa or laaer-tlaah-aathod raapactivaly tor thar .. l 

conductivity ••aaura•enta, tube dilato••t•r• for thar .. 1 

expanaion and the differential •canning calori .. tar for 

the dater•ination of apecific heat. 




