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l. INTRODUCTION 
Refractory manufacturers today hew to 
consider many aspects of refractory 
propark, such as resistance to abrasion, 
corrosion by molten glass, metals or olego 
and also behaviwr under thecmd nresr 
and cyding. It m therefore nacss~aty that 
the tests designed to evaluate these 
wopenks atmild bn ~ ~ p a M 9  of c ~ p a d n g  
tham cwroistrtntly and that the resub 
derived should bear a retetionship to their 
ssn/ics perfomnce. 

Many of the tesM used by refractory 
manuacturera and users am to one of the 
agreed standards whether it be the 
A.S.T.M., P.R.E.orEritiiStanderd. Ono 
test which does present difficutth, 
prticvlarly when comparing test results, h 
that of r h d  shock. Existing tests can 
distinguish beiween excellent and bad Gut 
it is difficult to assess the difference 
between "very good" and "excellent", 
peniarhrly when resistance is quoted as 
+20 or +30 cydes. 

2. STANDARD THERMAL SHOCK 
METHODS 
The presently available standards for 
thermal shodc testing are as follows. 

2 1  Pand tat-A.S.T.M. C38 
This test' m designed to determine the 
resistance of a refract~y brick to the 
separate and combined effects of 
structural and thermal ripaliing. Briefty the 
test consists of a 24 h preheating stage, 
after which the panel is cooled and ito 
appearance noted. For spalling the panels 
are brought to tcst temperature and then 
alternated between the furnace and a 
cooling fan with a water spray. This is 
carried out for the desired number of 
cycles after which the bricks ere cleaned 
and reweighed. Any weight loss is noted 
and this, together with a visual assessment 
of the panel, are the criteria for cornpariiya 
thermal shock resistance. 

2 2  Cyfindar test-wrter quenching 
P.R.E,/RB Part 1 
Because of its severity, thi i  W cannot be 
used for all tyges ~f refractories. The test 
is carried out on cored c y i i i r s  50mm 
diameter and 50mm high. The pieces are 

dried et 110°C and then transferred 
directly h to  an electric furnace at 950°C, 
the temperature being brought back to 
9500C and held for 15 min. The pieces are 
then removed into running water at 
10-20°C end ieft for3 rnin before returning 
to the oven for 30 min. then back into the 
furnace at 9!iOaC. This is repeated until 
failurn, the number of o:cenchns to failure 
being h measure ot thermal shock 
resistance. 

23 Ri.m t d - A k  qruncMn(l- 
P.R.E./BS Part 2 
This is suitebl$ for the grades which 
canriot be tested by the previous method. 
In thii case the test-piece size is 
114 X 64x 64mm and again the testing 
temperature is 950°C. Once the tempera- 
ture is attained, the pieces ere soaked for 
46 min before removing onto a steel plate 
and blown by compressed air for 5 min. 
After quenching, the pieces are tested at a 
bending stress of 0.3 N.mm-'. The pieces 
are then returned to the furnace. This is 
iepeated until failure 0.. if failure does not 
occur, the test is discontinued after 30 
cycles. 

2.4 Small prism test-B.S. 1902. 
Part 1A 
The test-piece sizea is 3 X 2 x  2 in. The 
pieces are placed in a cold furnece, 
brought at uniform rate to test tempera- 
ture, generally 1000°C or 1200°C. The 
pieces are held at temperature for 30 min 
before cycling in and out at lOmin 
intervals. Towards the end of each cwl i ty  
cycle the pieces are examined for cracks or 
)OQ9 of corners. The pieces are then 
twisted or stressed by means of a rig, the 
test being concluded when the piece pub  
apart. The number of cycles to failure h 
then the measure of thermal shock 
resistance. 

2 5  Monolkhic matsrkls- &S. 1902, 
P m  1C 
Pieces are prepared by casting or ramming' 
the size being 230 X 114x76mm. Pieces 
are prefired by placing in the door of a kiln 
wnwnded by high temperature insulating 
material. The prefiring temperature is the 
epproriate sefvico temperature, to which 

the kiln is raised in not b than 4 h and 
heid 4 h before cooring. 

FM shocking, the fumsce b brought to 
temperature with dummy test pikes in the 
door. Once at temperature the dummy 
bricks are npbced by the prefired 
samples. Ths prefired end is placed into 
the furnace and the coM end & held In a 
metal jii. Aftw m dl tb mmple ic 
plunged into ~nn:ng water roe depth of 6 
cm for 1 min and then allowed to steum for 
18 d n  before returning for funher 
heating. 

The test is finished when 10% of the 
total weight of the brick has spalled away 
or 20 quenchings carried out 

2.6 UmHatlom of axirting methods 
Experience has shown that existing test 
methods are either expensive, both in 
initial outlay and operational casts, or are 
lirnhed in their ability to d i i gu i sh  
between different good grades of meterials 
where no obvious physical damage is 
produced. It is also true to ray that the 
criteria measured in several of the afore 
mentioned tests is the failure point and not 
the progressive degree of damage. 

It is e measure of the importance 
attached to the property of thermal shock 
resistance and the difficulty in measuring it 
rneanin$ully that has to further test 
methods being explored. 

3. RIBBON THERMAL BHOCK TEST 
tt is not possible to describe all the 
alternative test rnsthods but one method 
which has been found to be particularty 
helpful as a development aid et Neston is 
based on the Ribbon Test introduced by 
Taylor Refractories (now Didier Taylor 
Refractories Co.) and in use by SEMLER & 
HAWISHER' at Ohio State Univemky. 

H1 his to^ 
The origin of the test gem back as far 'as 
the mid to late 1930s. when Teylor 
Refractories developed a wlection test for 
firecby baffle plates. The equipment was a 
single 18 in ring burner in a metal drum, 
with the test pieces inclined at an angle of 
454O0 to the plane of the burner. The test 
was used to determine a pclss/faiI raiking 
for eech sampb &er exposure to a series 



of unspecified flame on/flame off -cl-. 
It was not until 1947 that tb test was 
re-introduced for cordisrlte kiln dab and 
gbss refrectocy feeder parts. The ~ m p l e  
sizewss12inloogx3mwidex1 in thick. 
The evaluation of the shock damage was 
m0n i td  by d u b  of rupture 
determination. 

~srb m the im the M 9qu-t 
was &an@ to utilize a 5 h long 
segmented line burner, which is tha basis 
of the test today. The flatno now 
directed acrasa the mid& of the amplea 
bteed of at ah rngb as prsvioudy carried 
wt,thessmpbsirebdng9hlargrnd 
vawingbstwssn4H into1W hwidmby 
2% into 1 in M. Thm hbight betwben 
t twbumersndthe~fscewss4-6 m. 
The aqulpmsnt .yes eutomsted to control 
the shock cycles, each conskting of 15 
min heating to W C  with ffame cm and 15 
min coding to aOO°C wiih flame oft and dr 
on. h samplm received up to 36 shock 
exposurea 

Thekwsharsngth~~~obtw'nedfrom 
the modulus of ~ p t u r u  test. NomraHy 
twelve samples wtm used of any one 
mbteridl, six were tested before shocking 
and six after. A material with good thermal 
shock raslstance shorn a low percentage 
strength reduction whereas convsrsety e 
high reduction in strength denotes poor 
thermal shock resistance. 

Sernler's work at Ohio State University 
has shown that it is not necessary to 
exceed 10 cycles and even 5 cycles may be 
sufficient to evaluate thermal shock 
resistance. 

The equipment desaibed here is similar to 
that of Taylor Re f rac tW and Sembr. A 
5 h long Maxon segmented burner is held 
k, s metal frame, the test samplss being 
arranged harizontstty ~ x o s s  the burner at 
a fixed d'stam r 3 5 'n h n  Jm bu mr. 
Tha rig h fulfy automated, the start up 
procedure being by pilot light with the 
necesssy Ram failure d s v i i  and the 
cyde length bdng controlled by t[me 
switches. The equipment win accom- 
modate ten bridc samples, five each dde 
of the thermocouple Mock. 
3.3 Test 
Test pieces (230 X 114 X 65 or 38mm) are 
gap set on the rlg, the gap being 25-30 
mm. The brick at the centre of the rig, 
backing the ttrermocwpb, h a Grade 28 
insulating brick. The flame is madiusted 
to touch the underface of the pieces on 
test. The present setting gives e tempera- 
ture rise to 1000-104O0C in 15 min, as 
registered on the thermocouple backed by 
the insulation brick. The samples are 
exemined non-destructively after 1. 2, 5 
and 10 cycles. After 10 cycles, the 
modulus of rupture is also measured and 
the percentage retained strengths from 
both methods compared. 

4. MEASUREMENT OF THERMAL 
SHOCK DAMAGE 
4.1 Phydcd p.mmotws 
There are a number of criteria which can 
be used for assessing the therm81 shock 

damage which can use a diversity of 
different characteristics or combinations 
thersof. 

The most common criteria for Bseeaakrg 
t h d  shock damage am: 
1. visual examination, 2. weight loss, 
3. madulum of rupture, 4. moduhrs of 
elasticity, (a) by sonic r e s o m 7 ,  
(b) catculated from ultrasonic velocity', 
(c) by transient vibration.' 

The main criterion which we considered 
h canjunction with the n i  test war 
that of modufw of elast9city by transient 
vibration method. 

4 . 2 s c l k c b d . q U i ~ t o r E  
modulus dotmminrtlon (Fig. 2) 
The apparatus which W chosen for thb 
work was dmpls to we and r npid 
essesvnent of a large n u m k  of gmplss 
could be made easily, with h dspend- 
cmce on the opsrator. The harmmt ww 
originally designsd to m i t o c  the 
"stmngW of grinding whr .h. hdcaity 
the apparatus measures Young's modutur 
of elasticity (after calcuhdon) by m d y h g  
the natural period of the trewient vibration 
which results from 8 mechanical 
disturbance of the object under test. 

The apparatus uses a piezo-electric 
probe which is held against the test object: 
the object is then lightly struck by the 

operator, thus setting up the tequlred 
tm&t vibration. Thln signal h a m p f ~ ~  
k, the protm before being fed to tb 
instrument input, fhb instrument flttscs 
out ths initial wavafonn, w h i i  is of 
complex ~hermoriicr) nature, befm 
rnewuring the duration of dgM vibrstion 
cycles. The time dwstion is dnpfsyed 
digitally an the instrument psnsl end h 
known as the 'R' reading. 

The relwant E-modulus and dendty can 
thsn be calmlatd from thb 'R' vakre, the 
weight and dimcwrrbns of the ssnrple. (In 
practice ttre E mbduka #luatians m, 
complex ancd r p s e t  praOremme k d 
in a programmeble calculator). 

4.3 t#t Inethad 
Thetestsamplemybesetonafosm mitt 
w supported by NW poddod at 
the iwdal plana, i.e. 022L The piem 
MC detector and striking wdhn m 
r u d r t h a t t h e ~ t s ~ w ~ n c e c e n b s  
mswwred in any one of three madss, 
flexuml, longitudkd W todonal. The 
object may be struck in m elastic manner 
with a plastic Hmmer or by dropping 
plastic handle of s small screw driver onto 
the sample. This is ruffident for flexud 
and torsional modes but for longitudhd 
resonance the sample requires striking 
with a metal object. The changes in 

FIGURE 1 - 

FIGURE 2- So& testinp. 



E-modulus of the test samples are 
monitored by wing the arrangement to 
obtain the flexurai resonance. 

S. COMPARATlVE DAMAGE ON 
THERMAL CYCLlNG 
a1 ~ ~ p i c r ~  m 
Fig. 3 shows some typical curves obtained 
on m r a l  commercially available 
refractories from different wpplii. Ths 
results are plotted as per cent retained 
elastic modulus against number of cycles 
to lmOc. 

FIGURE 3--C6npntius thwd shock &mg. to 
ref r o c t o r k .  

The tnatsrPals dmxm Included a silicon 
carbide containing material, a 60% AI,O,, 
a dense 45% AI,U, and a 'W% megresia. 
This selection was made to include 
producta with very good, medium and 
poor themwl shock &stance. The sampte 
size chosen for this series of tests was 
230 X 114 X 38mm. The results obtained 
demonstrate what was to. be expected, 
namely the silicon carbide showed highest 
retained strength whilst magnesia was 
poorest. It should be mentioned that these 
materials by the BS 1W2 prism test 
are quoted as +30 and +20 cydes at 
looO°C. . 

in t~ ps&tar ueriesof tests.ttm 
wmpbs wem allowed to cod to room 
temperature by removing fmrn the rig efter 
1. 2, 5 and 10 cycles to permit sample 
evaluation, which results in slightly 
increased them1 shock damage. 
Examination after 2.5 and 10 w only 5 and 
10 c y c b  will produca slightly dowar 
cuw&, although the retained -6tmngth 
after 10 cycles is only marginally affected. 

tt b themfom lrnportnnt to note that if 
wveral materials am being compared, they 
should all be examined after the same 
cycling procedure and, even more 
knpwtsnt. they sharkl all be of the same 
thic9cmsa. 

Generally, fnmerW which have paor 
resistance to thermal shock are 
dramaticblly uffectbd by rrarnpk, thickness. 
A dome firebrick has meesurssble resist- 
ance on a 38mm tMck slab but at 65mm 
the materbl fails on the first cycle; how- 
ever, materials which do have poor 
resistance can nt lH  be campsred by using R 

solid pavement arrangement on the rig 
rather than the gap setting. In this case the 
degree of therm1 shock is reduced. 

6.2 Roktlomhlp at M.O.E. to M.O.R. 
Table 1 shows the extremely good 
egreement obtained between percentage 
retained M.O.E. and percentage retaind 
M.O.R. after 10 cycles on 63mm thick 

Td& 1-khdenUp d UI.0.E. W M.O.R. 

s.mpkTMnsPbtnm 

XRerJMd %hahad 
M. 0.6 M 0. R. 

45% ACnniru a34 29.5 
8% Alumiru 49-4 49-4 
a% ALmjru 37.1 39.6 
BB% A h k u  824 m 3  
72% A b m h .  T1-2 784 
BO% Ahm~tu 67 6 62 2 
M.g.lChrarr U4  41.3 

P m t  m a k d  s fm l0 cycbr to ! W C .  

samples. Table 2 shows thai the agree- 
ment between the retained moduli 
percentages was reduced for thinner test 
pieces made from alumina-besed 
materials, the retained strength of which 
fen eppreciably with increasing thickness. 
Thickness had little effect on silicon 
carbide but the magnesia ssmplo b t  aH its 
cit~ength at t b  p a t e r  ttrkkness (not 
shown). The reasons for this are not yet 
fully known and further inwstlgative work 
is in progress. Materials of 6096170% 
alumina and below am significantly 
affected by sample-thickness-the 60% 
elurnina showing a marked drop in percent 
retained strength with increasing thick- 
ness, as in the case of the mgnesite 
which has no retained strength after 10 
cycles for the particular material measured. 

6.3 Roduct variations 
Effekts of changes in raw materials, batch 
grading end firing procedures m the 
thermal shock behaviour of a product can 
easily be monitored. 

The effect of grading changes of a 66% 
Al,O, material is shown in Fig. 4. The 
lower curve was the standard material to 

wh i i  the modification was medo. The 
percent fine8 were ~ ~ ~ h r s d  and the 
grog diirfbdon raarrangad, the effect 
being an improvement h shock resistance 
of 12% wer the standard mnerisl. 
Fig. 5 deafty shows that of increasing 

the standard firing temperature for thii 
psrticuler metetial by 200°C almost halved 
the perawts(p rstaimd ki.0.E. 

6.4TypluIE..t.M.. 
Generalfy cwtabk mstehh are regarded 
as having good thermal nhoclt resistance 
but extremely poor strength et tempers- 
tures in the range 80Q-120O0C. Fig. 6 
shows that in three cement-bonded cast- 
ables there were very steep reductians in 
M.O.E. up to 600-MO°C followed by a 
slight levelling end then rlses in modulus 
above 12W-1300°C. 

Fig. 7 shows the effect of themwl 
cyclinl) en diirently heat treated 80% 
alumina cartable. The tsmpefiltures 
chosen were 110°, 250°, 6009, 1000°, 
1 100° and 1 W C .  The hrdicstiorts so far 
are that prefiring between 110" and 
llOO°C did not affect the fins1 M.O.E. 
after 10 cycles. For the material exemiired 
thii was 11.5 to 13.5 kN/& (GPa). 

FIGURE 4-Effsct of grading ctmngea m r 88% 
sknnina rnatsri.1. 

flGURE 6-Effect of incrsessd Wng t m m t u m  
on s 66% elumina mstorkl. 

FIGURE 6-Cmtabbs: MSc( d h.n ttwtrmm m 
M.O.R. 



Prefiring to 1400°C apparently gave an 
imprwement in resistance to s b k ,  but 
the effect of ptwfiring to the maximum 
service temperature throughout or on one 
face only for a particular castable has to be 
investigated. 

6. C0NCLUSK)WS 
The UM, of the ribbon test method in 
canjunction with measurement of M.O.E. 
by transient' vibration has proved of 
signifant assistance in the comparison of 
various mfractwy grades for therrnaf 
shock resistance end h now proving a 

useful tool in the development of new 
products. It is hoped that, once the 
paramatem of the test are m m  fully 
understood and standardised, it will be 
only necessary to measure elastic modulus 
before end after 10 cycles or perhaps even 
5 cycles will be sufficient. 
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