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EQUIPMENT FOR HARDNESS TESTING AT ELEVATED TEMPERATURES 

George Hallerman and R .  J. Gray 

The design and t e s t i n g  procedures of two elevated-temperature 
hardness t e s t e r s  developed a t  t h e  O a k  Ridge National Laboratory 
a r e  described. One device uses a Rockwell t e s t e r  with a l a rge  
ve r t i c a l  capacity arld a load range of 15 t o  150 kg. The t e s t e r  
i s  equipped with a 900°C heating chamber which maintains an 
argon atmosphere over t he  specimen uld  can be l a t e r a l l y  d i s -  
placed by a cross-feed mechanism t o  allow repeated hardness 
readings t o  be made on t he  same specimen. The second instrument 
i s  a microindentation hardness t e s t e r  f o r  hardness determina- 
t i o n s  t o  a maximum temperature o r  1000°C i n  vacuum of t o  

t o r r .  A deadweight loading system with a 136-deg diamond 
pyramid (Vickers) indenter ,  capable of del iver ing s t a t i c  loads 
between 0.150 and 3 kg, i s  contained within t h e  vacuum chamber 
t o  avoid ca l i b r a t i on  problerns t h a t  a r i s e  when loads a r e  appl ied  
from outs ide  t h e  vacuum system. The microindentation hardness 
t e s t e r  allows up t o  100 determinations t o  be made on a s i ng l e  
specimen without opening t he  t e s t  chamber. 

The app l i c ab i l i t y  of t h e  t e s t e r s  i s  i l l u s t r a t e d  by 
elevated-temperature hardness measurements on several  commercial 
a l loys ,  a group of niobium-vanadium al loys ,  and by t he  changes 
i.n ha.rd.ness o c m ~ r r i n g  at. the transformation temperaturcc of 
Armco Ingot i r o n  and SAE No. 1020 s t e e l .  Hardness values of 
Haynes a l l oy  No. 25 were determined at t h e  temperatures of aging 
and a r e  shown t o  be d i f f e r en t  from those obtained with t h e  
customary method of inves t iga t ing  age hardening.   he' t e s t i n g  
i s  cur ren t ly  being used t o  a i d  and acce le ra te  t he  development 
of a l loys  with des i rable  high-temperature p roper t i es .  

INTRODUCTION 

Indentat ion hardness i s  not a bas ic  physical  o r  mechanical property 

of a metal o r  an a l l oy  but a cha rac t e r i s t i c  qua l i ty  t h a t  combines a 

rluu~ber of these  proper t ies  i n  a complex manner. I n  s p i t e  of' t h e  complex- 

i t y  of proper t ies  involved, indenta t ion hardness t e s t i n g  at  room tempera- 

t u r e  i s  an accepted i n d u s t r i a l  measurement and i s  f requent ly  employed as 

a t o o l  i n  s c i e n t i f i c  invest igat ions  because it i s  simple, inexpensive, 



and indicative of changes in properties of materials. Although the tes.1; 

involves a complex set of stress conditions, the indentation hardness is 

a measure of resistance of a material to deformation and, from this 

characteristic alone, many mechanical and physical properties of metals 

and alloys are estimated. 

Elevated-temperature hardness is a measure of the high-temperature 

deformation characteristics of metals and alloys. A knowledge of the 

change in hardness with temperature of a metal'can be used to circumvent 

the costly and time-consuming customary high-temperature strength deter- 

minations. Correlations have been found,between elevated-temperature 

hardness and (a) the ultimate tensile strength of various steels at 

temperatures up to 1500°C, ' (b) the tensile strength of iron, low carbon 
steel and cast ironJ2 tungsten, tantalum, columbium, and their  alloy^,^ 
(c) the creep properties of a number of metals and alloys,' 67 (d) the 

elastic modulus of certain cubic metals, (e) the crystal structure and 

phase changes of cobalt, iron, titanium, uranium, and zirconium, * and 
( f) the coefficient .of thermal expansion for pure face-centered cubic 

and body-centered cubic  metal^.^ Russian workersg have reported similar 

relationships. 

'F. Garofalo, P. R. Malenock, and G. V. Smith, "Hardness of Various 
Steels at Elevated Temperatures," Trans. Am. Soc. Metals, 45: 377 t1953). - - 

*E. R. Petty and H. OINeill, "The Hardness of Iron, Low-Carbon Steels, 
and Cast Iron Roll Materials at Various Temperatures." J. Iron Steel Inst.. 
(London), - 197: 141 (Feb. 1961) . - 

3 ~ .  R .. McKinsey -- et a1 . , Investigation of Tungsten-TantaL~~m-Col.~.~.rnbi~lm- 
Base Alloys, ASD Technical Report 61-3 (July 1961). 

'T. 0. Mulhearn and D. Tabor, "Creep and Hardness of Metals: A 
Physical Study, If J. Inst. Metals, - - 89: 7 (196-1) . - 

5 ~ .  R. Petty, "Hardness and Other Physical Properties in Relation to 
Temperature, If Metallurgia, - 56: 231 (Nov. 1957) . - 

6 ~ .  R. Petty and H. O'Neill, "Hot Hardness in Relation .to the Physical 
Properties of Metals, I' Metallurgia, - 63: 25 (Jan. 1961) . - 

7 ~ .  E. Underwood, "Creep Properties from Short Time Tests, If Materials 
& Methods, p. 127 (April 1957) . 

8 ~ .  Chubb, "Contribution of Crystal Structure to the Hardness of 
Metal," J. Metals, - 7(1): 189 (Jan. 1955). - 

'M. G . ~ozinikii, Vi sokoteuperaturnaya Metallographia, Ma~hgi z, 
Moscow, 1956. (Translation: High Temperature Metallography, Pergamon 
Press, New York, Oxford, London, and Paris, 1961) . 



Elevated-temperature hardness testing equipment was designed and 

constructed at the Oak Ridge National Laboratory ( O m )  to aid and accel- 

erate the development of alloys with desirable high-temperature properties. 

The equipment consists of a Rockwell tester adapted for use at elevated 

temperatures and a microindentation hardness tester. The design of the 

microindentation hardness tester incorporates some features of testers 

described in the literaturel~~-~~ with a number of modifications con- 

ceived at ORNL. 

DESCRIPTION OF FQlJPMFNT 

Rockwell Tester 

The major parts of the Rockwell hot hardness instrument are a 20-in. 

vertical capacity hardness tester with a dial gage to indicate Rockwell 

'OE. C. Bishop and M. Cohen, "Hardness Testing of High Speed Steel at 
High Temperatures," Metal Progr., - - 43: 413 (1943). 

'IF. P. Bens, "Hardness Testing of Metals and Alloys at Elevated 
Temperature," Trans. Am. Soc. Metals, - - 38: 505 (1947). 

' 

2 ~ .  S . Bergh, High Temperature Micro-Hardness Tester, Technical 
Report No. M-5, Silver Spring Laboratory, The Kellex Corp. (Dec. 23, ,1948). 

135. H. Westbrook, "Microhardness Testing at High Temperatures," 
Am.. Soc. Testing Mater. Yroc., - 5'7: 8'73 (1957) . - 

14~. H. Westbrook, "An Improved Microhardness Tester for High- 
Temperature Use," ASTM Bulletin No. 246, p 53 (May 1960). 

1 5 ~ .  Brenner, "Microhardness Tester for Metals at Elevated Temperatures, " 
Journal of Research of the National Bureau of Standards, - - &(2), Research 
Paper 2185 (Feb. 1951). 

16~. Semchyshen and C. S. Torgerson, "Apparatus for Determining the 
Hucr.drless of Metals at Temperatures up to 3000°F," Trans. Am. Soc. Metals, 
50: 830 (1958). - - 

. 1 7 ~ .  M. Fitzgerald, "Measurement of Hardness at Very High Temperatures, " 
Brit. J. Appl. Phys., - 11: 551 (Dec. 1960). - 

18~. E. Phelps, "Hot Hardness Properties of Cobalt-Base Stellite 
Alloys, " Metallurgia, = 65: 229 (1962) . 

"G. H. Bannister, R. C. Burnett, and J. R. Murray, "Aging and Hot 
Hardness Characteristics of Certain Thorium Alloys," -J. Nucl. Mater., 
2(1) : 51 (1960) . - - 



s tandard o r  supe r f i c i a l  readings and a heating chamber capable of reaching 

900°C. A view of t h e  Rockwell hot hardness t e s t e r  with t h e  associa ted 

equipment and a schematic drawing of t h e  heating chamber a r e  shown i n  

Figs .  1 and.2 .  The specimen and t h e  hardness indenter a r e  protected 

during heating by an argon environment. 

The penetra tor  of t h e  Rockwell t e s t e r  i s  a 120-deg synthet ic  sapphire 

o r  diamond cone s e t  i n  a molybdenum o r  Inconel mounting. The upper end 

of t h e  Inconel plunger extension i s  water cooled and equipped with a 

de f l ec to r  t o  p ro tec t  t he  d i a l  gage of t h e  t e s t e r  from excessive 

temperatures. 

A Marshall Products Company heating chamber was modified with an x-y 

pos i t i one r  t o  allow accurate  locat ion of t he  penetra tvr  above t h e  speci-  

men. Al l  metal p a r t s  of t he  heating chamber i n t e r i o r  exposed t o  high 

temperatures a r e  made of s t a i n l e s s  s t e e l  o r  Inconel. The furnace she l l ,  

base p l a t e ,  and sea l ing  p l a t e  a r e  water cooled. The Alundum muffle of 

t h e  f i r nace  i s  wound with  a nickel-chromium element and operated with a 

maximum input power of 1 . 5  kw supplied from a Powerstat and a Wheelco 

temperature con t ro l l e r .  The temperature of t h e  furnace i s  control led by 

means of a Chromel-P-Alumel thermocouple located at t he  heating element. 

The specimen temperature i s  indicated by a second Chromel-P-Alumel thermo- 

couple spot-welded t o  t h e  underside of a 1116-in.-thick center  p a r t  of 

t h e  pedesta l .  The pedesta l  is separated from t h e  water-cooled base p l a t e  

by a 1/8-in.  - th ick  aluminum-oxide (Al2o3) disk t o  decrease heat losses  

from t h e  specimen. Argon gas i s  permitted t o  escape from the  i n t e r i o r  

of  t h e  heating chamber through an O-ring s e a l  on t he  top  of t h e  seal ing 

plarte. This i s  necessary because a t i g h t - f i t t i n g  s e a l  would hamper t he  

v e r t i c a l  motion of t h e  plunger extension. 

Repeated hardness determinations on t h e  same specimen a r e  made by 

means of  hor izontal  displacement of t he  heating chamber on t h e  t a b l e  o f '  

t h e  hardness machine with t h e  a i d  of t h e  cross-feed screws of t h e  x-y 

pos i t ioner .  Thus, a s ing l e  specimen i s  of ten  used t o  obta in  an e n t i r e  

s e r i e s  of hardness impressions a t  temperatures from 25 t o  90O0C, as 

opposed t o  customary elevated-temperature t e s t i n g  methods which frequently 

requ i re  numerous t e s t s  and r e l a t i v e l y  d i f f i cu l t - to -prepare  specimens., 

Figure 3 shows a typ i ca l  specimen with a s e r i e s  of indentations obtained 

at  various temperatures. 



Fig. 1. Rockwell Hardness Tester w i L h  a Heating Chamber to Allow 
Hardness Testing to 900°C in Argon Atmosphere. 
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Fig. 2. Schematic Drawing of the Heating Chamber Used with 
Rockwell Tester. 
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Fig. 3 .  Typical Hot Eardness Specimen. Indentations obtained 
at d i f fe rent  temperatures with the  Rockwell t e s t e r .  



Microindentation Hardness Tester 

The microindentation hardness t e s t e r  i s  self-contained, with the 

loading mechanism, indenter assembly, and f'urnace b u i l t  as one compact 

u n i t .  The schematic drawing of the  t e s t e r  and a photograph of the  t e s t -  

ing chamber a re  shown i n  Figs. 4 and 5.  Awclliary components, not shown, 

consis t  of a b i n .  o i l  diff'usion pump vacuum system, a Powerstat and a 

Wheelco temperature controller,  a potentiometer t o  measure the  specimen 

temperature, and an inert-atmosphere supply tank. Although nearly all 

t e s t s  a r e  performed i n  vacuum, it i s  possible t o  introduce an i n e r t  gas 

i n t o  the  t e s t ing  chamber. 

The A1203 muffle of the  f'urnace i s  wound in terna l ly  with a Nichrome 

heating element. The furnace i s  surrounded by tantalum and s ta in less  

s t e e l  radiat ion shields .  The upper and lower heater supports a re  made 

of s t a in l e s s  s t e e l  plates,  flame sprayed with u 2 o 3  powder on the  surfaces 

facing the  heater. The b e l l  jar and the  base p la te  of the  tes t ing  chamber 

a r e  water cooled. 

The temperature i n  the  chamber i s  controlled by means of a Chromel-P- 

Alumel thermocouple located near the  furnace windings. The specimen 

temperature i s  measured by a similar thermocouple i n  contact with the 

specimen. Thermal contact between the  specimen and the  thermocouple i s  

established by f i l l i n g  the space between the  thermocouple bead and the 

walls of a predr i l led  hole i n  the center of t h e  specimen with tantalum 

o r  platimum f o i l s .  Calibration t e s t s  have shown tha t  the temperature 

var ia t ion  between a thermocouple mounted t h i s  way and a thermocouple 

welded t o  the specimen surface i s  l e s s  than 2OC at  temperatures up t o  

10oo0c. 
In operation, t h e  sample, which r e s t s  on the Inconel anvil, i s  

ra i sed  by means of a micropositioner attached t o  the  pedestal control. 

The s t a in l e s s  s t e e l  pushrod, which connects the  micropositioner with the 

pushrod insulator  and t h e  anvil ,  enters the heating chamber through a 

water-cooled double O-ring seal .  The pushrod i s  guided by a b a l l  bushing 

which permits both ax ia l  and rotat ional  motion of the  rod. The coarse 

adjustment of t h e  micropositioner i s  used t o  l i f t  the  specimen t o  a height 



UNCLASSIFIED 
ORNL- LR-DWG 57238 

ELECTRICAL CONTACTS 

COOLING COILS 

ROLLER BEAHING GUIDES 

STAINLESS STEEL ROD 

RADIATION SHlELDS 

ALUMINUM OXIDE ROD 

INCONEL ANVIL SHIELD 

INCONEL ADAPTOR 
HEATING ELEMENT 

HEATER SUPPORT 

SAPHIRE INDENTOR 

TEST SPECIMEN 

HEATER SUPPORT 

PUSH ROD INSULATO 
(ALUMINUM OXIDE ) INCONEL ANVIL 

CONTROLLING 
THERMOCOUPLE 

SPECIMEN THERMOCOUPLE 

GAS OUTLET 

BALL BUSHING 
INDEXING DISK- 

MlCROPOSlTlONER 

COARSE ADJUSTMENT 

FINE AD,ILISTMENT 

Fig. 4 .  Schematic D r a w i n g  of Elevated-Temperature Microindentation 
Hardness Tester. Hardness impressions are made in vacuum at temperatures 
up to 1000°C. 



Fig. 5. T e s t i q  Chamber of the Elevated-Temperature Microindentation 
Hardness Tester with Bell  J a r  Raised. 
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11 

approximately 1/16 in.  from the  indenter t i p .  The f ine  adjustment knob 

i s  used t o  continue the upward motion of the  specimen at an estimated 

r a t e  of 1 mm/min; the slow motion i s  necessary i f  impact of the indenter 

on the  specimen is  t o  he avoided. 

Figure 6 shows the indenter assembly. The indenter i s  screwed t o  

a molybdenum o r  Inconel adapter which i s  connected t o  a threaded A1203 
I 

1 rod and a s ta in less  s t e e l  rod - t h e  l a t t e r  supports the doughnut-shaped ! 

. . weights. The s ta in less  s t e e l  rod i s  guided by s i x  unlubricated r o l l e r  1 
I 

bearings and i s  made t o  f i t  loosely between the guide t o  minimize f r i c -  

t ion .  Weight calibrations made a t  room temperature have shown t h i s  
u 

1 
design t o  r e su l t  i n  negligible f r i c t ion .  It may be assumed t h a t  there 

i 
I 

L 
i s  a l so  no binding during t e s t ing  at  elevated temperatures; the tempera- 

tu re  of the indenter housing and the  indenter rod i s  below 200°C when 
i 

t he  specimen i s  a t  1000°C. 

During a hardness determination, the  slowly r i s ing  specimen lihs 

the  indenter, with the indenter rod and the weights, from three contact 

points on the  top of the  indenter housing. This opens the  c i r c u i t  of an 

electronic relay which i s  diagrammed i n  Fig. 7. To avoid arcing during 

operation, the relafr i s  so designed tht only a few microamperes pass 

through the contact points of the  indenter assembly. The control  lamp 

of the relay is actuated only when al l  three e l ec t r i ca l  contacts ar& v 

open, indicating tha t  the  specimen supports the  f u l l  indenter load. This 

permits the  operator t o  control the exact time of f u l l  application of 

the  load - a very important fac tor  i n  hot hardness tes t ing.  

The ve r t i ca l  axis of the indenter i s  displaced from the  center of 

the  specimen by means of an adjustable s l i d e  i n  the  housing of the  
i 
'I 

indenter assembly (Fig. 6) .  The ro ta t ion  of the indexing disk located 

on the  pedestal pushrod (Figs. 4 and 5) allows up t o  100 indentations t o  i F 

be made on a s ingle  specimen without the  need f o r  turning off  the heating 

elements or  breaking the vacuum. Figure 8 shows a hot hardness specimen 
i 

= -1 

with a c i r c l e  of indentations obtained with this arrangement. The diam- 

e t e r  of the c i r c l e  i s  determined by the displacement of the indenter 

axis  from the  center of the specimen. The hole i n  the  specimen accommo- 

dates the specimen thermocouple, as described above, 
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Fig. 7 .  Electronic Relay of t h e  Indenter Assembly Used t o  Determine 
t h e  Duration of Load Application. 
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Fig. 8. Typical Hot Hardness Specimen. Indentations obtained at 
different temperatures with the microindentation hardness tester. 



The indenter i s  a synthetic sapphire Vickers-type 136-deg pyramid 

s e t  i n  a molybdenum holder. Diamond, the  conventional material f o r  room- 

temperature testing, has undesirable character is t ics  at  elevated tempera- 

tures.  Erosion of the diamond t i p  due t o  solution of carbon from the  

diamond at  elevated temperatures has been reported on i ron and low-carbon 

s t e e l  specimens, and on chromium-bearing al loys.  ' Even a t  room tempera- 

ture, adhesion of niobium, titanium, and zirconium has been reported. 20 

Synthetic sapphire, although so f t e r  than diamond, i s  a sui table  material 

a t  temperatures at l eas t  up t o  1000°C. Figure 9 i s  a photomicrograph 

of a hardness indentation obtained at 1000°C on the  surface of Haynes 

al loy No. 25 with a sapphire indenter and a 2-kg load. The edges of the  

indentation a re  smooth, showing no deterioration of the  indenter, although 

it had been used i n  a number of previous hot hardness determinations. 

Molybdenum i s  used as the holder f o r  the synthetic sapphire indenter .  

because of the  s i m i l a r  thermal expansion charac ter i s t ics  of the  two 4 

materials. 

The microindentation hardness t e s t e r  operates at temperatures up t o  

1000°C i n  a vacuum of t o  to r r .  The load may be varied from 

150 g, t he  weight of the indenter and indenter rods alone, t o  3 kg with 

added weights. The accuracy and sens i t iv i ty  of this hardness t e s t e r  at 

room temperature a re  the same as of a conventional room-temperature 

hardness t e s t e r .  

TESTING PROCEDURE 

Specimens used f o r  hot hardness tes t ing  a r e  usually 1 in .  i n  diam- 

e t e r  and 118 t o  114 in .  thick. The t e s t  surfaces of samples a r e  gound 

and polished using standard metallographic techniques. Polishing i s  

often performed on vibratory polishers, 21 par t icu lar ly  when a la rge  number 

of specimens a re  being processed. The r e su l t s  of hardness t e s t ing  were 

found by Garofalo e t  a1.l t o  be dependent on the  quality of specimen -- 
. . 

2 0 ~ .  Abrecht, "Uber cks Haften von Niob, Titan und Zirkonium an 
H%rtep%f diamanten, " Z. Metallk., - 52: 836 (1961) . 

2 1 ~ .  L. Long, Jr., and R.  J. Gray, "Better Metallographic Techniques . .. 
Polishing by Vibration, " Metal Progr., 74(4) : 145 (1958) . = 



Fig. 9. Hardness Indentation on the Surface of Hapes Alloy No. 25 
at 1000°C. Synthetic sapphire indenter. 2-kg load, 15-sec load 
application. 



surface preparation.  The vibratory polishing technique produces a speci-  

men surface acceptable f o r  hardness determinations a s  well  as  f o r  metal- 

lographic examinations. 

When the  Rockwell hot hardness t e s t e r  i s  t o  be used, t h e  sea l ing  

p l a t e  on top of t h e  heating chamber i s  ra i sed  and t he  t e s t  specimen i s  

placed on the  anv i l .  The t e s t  chamber i s  f lushed with high-purity argon 

p r io r  t o  t es t ing ;  during t h e  t e s t  t he  chamber i s  maintained a t  a s l i g h t l y  

pos i t ive  argon pressure.  The specimen i s  heated t o  the  desi red tempera- 

tu res  and hardness determinations a r e  made i n  the  came m m c r  as with 

t h e  conventional Rockwell hardness t e s t e r .  Ei ther  standard (60-150 kg) 

o r  supe r f i c i a l  loads (15-45 kg) may be used. Successive indentations 

a r e  made a f t e r  displacing t h e  e n t i r e  heating chamber with t he  a i d  of t he  

cross-feed screws. 

Before t h e  elevated-temperature microindentation hardness t e s t e r  i s  

used, t h e  indenter assembly and t h e  upper rad ia t ion  sh ie lds  a r e  removed. 

The polished specimen i s  then placed on t he  anv i l  and t h i n  f o i l s  a r e  

pressed i n t o  t he  center  hole of t he  specimen around t h e  thermocouple 

bead. The rad ia t ion  shie lds  and t he  indenter assembly a r e  replaced and 

su i t ab l e  weights a r e  placed i n  posi t ion.  P r io r  t o  heating, t h e  t e s t i n g  

chamber i s  evacuated t o  a pressure of' t o r r  o r  l e s s .  Although a 

number of ceramic pa r t s  a r e  used i n  t h e  chamber, outgassing presents no 

major problem; operating pressures a r e  reached i n  about 15 min and, 

a f t e r  completion of hot hardness t e s t s ,  t he  surfaces of t he  specimens 

a r e  not v i s i b ly  oxidized. 

The specimens can be heated and maintained a t  a desi red temperature 

with t h e  temperature con t ro l le r .  A minimum of th ree  hardness indentations 

i s  then made p r i o r  t o  heating t o  t he  next temperature l eve l .  Since 

westbrook13 obtained close agreement between isothermal hardness t e s t s  

and t e s t s  made during continuous hcating at  5"c/min, i n  most hardness 

t e s t s  t h e  specimens a re  heated continuously a t  r a t e s  not g rea te r  than 

5"c/min - usual ly  about 4"c/min. 

Each specimen i s  t e s t ed  on a conventional hardness t e s t e r ,  both 

p r io r  t o  ac tua l  hot hardness t e s t i n g  and a f t e r  completion of t h e  hot 

hardness run when t h e  specimen has cooled t o  room temperature. The 



hardness values so obtained a r e  then compared with t he  hardness determined 

with t h e  hot hardness t e s t e r  a t  rooni temperature, p r i o r  - to and a f t e r  

completion of t h e  t e s t .  This procedure, used with both of t he  hot  hard- 

ness t e s t e r s ,  provides a check on t he  performance of t he  apparatus and 

on t h e  condit ion of t h e  indenter .  

Uniformity i n  t h e  time of load appl icat ion i s  important i n  hot 

hardness t e s t i ng .  I n  all of t he  examples shown i n  t h i s  report ,  t h e  f u l l  

load was maintained f o r  15 sec.  Hardness impressions made i n  micro- 

indentat ion t e s t e r s  at e levated temperatures a r e  measured at  room tem- 

perature .  The correct ion f o r  thermal contraction during cooling i s  

i n s ign i f i c an t  and may be neglected f o r  most invest igat ions .  

HOT HARDNE3S RESULTS - ROCKWELL TESTER 

Commercial Alloys 

A s e r i e s  of cornmer.cia1 a l loys  w a s  invest igated a t  elevated.tempera- 

t u r e s  t o  t e s t  t h e  capab i l i t y  of t h e  Rockwell t e s t e r .  The nominal compo- 

s i t i o n  of these  a l loys ,  a s  wel l  a s  o ther  a l loys  tes ted,  i s  given i n  

Table 1. Average r e s u l t s  of th ree  hardness determinations of e l e c t r o l y t i c  

copper, SAE No. 1020 s t e e l ,  type 347 s t a i n l e s s  s t e e l ,  Inconel,. Inconel X,. 

and INOR-8 a l loys  a t  e l e ~ a t e d ~ t e m p e r a t u r e s  a r e  shown i n  Fig: 10. 

The e f f e c t  of age hardening of Inconel X i s  shown i n  Fig. 11. The 

"as-received" curve i s  reproduced from Fig.  10. The "aged" curve was 

obtained from a second hot hardness run on t h e  same specimen aged by 

heat ing t o  875°C while hardness determinations were made during t h e  f i r s t  

run. Figure 11 shows t h a t  up t o  7'75°C the  specimen increased i n  hardness 

due t o  aging and t h a t  at  any t e s t i n g  temperature t h e  aged Inconel X i s  , 

harder than IMOR-8 of Fig. 10. No aging e f f e c t s  were observed during t h e  

second hot hardness run on t h e  INOR-8  specimen. 

Aluminum 

I n  elevated-temperature hardness.determinations on s o f t  mater ia ls  

having hardness t h a t  decreases with temperature at a high ra te ,  it i s  

o f ten  convenient t o  repor t  t h e  depth of indentxtions a t  elevated 



Table 1. Composition of Alloys Used in Hot Hardness Testing 

-- - 

Nominal Composition ($I) 
Alloy C Mn Si Cr Ni Fe P S Other 

Inconel X 0.04 0.70 0.30 15 73 7 - - Ti-2.5, Cb-1, A14.9 

INOR- 8 0.06 0.8 max I Bal 5 max - n - - MD-17, Al + Ti4.5 max 

Type 34'7 0.08 2max 1 max 18 11 Bal - - C5 + Ta - 10 X C min 
Stainless 
Steel. 

SAE No. 0.184.23 0.304.60 - - - Bal 0.040 max 0.050 max - 
1020 Steel 

Armco Ingot 0.012 0.017 - - - Bal 0.005 0.025 - 
Iron 

Raynes alloy 0.15 max - - 1S21 9-11 2max - - W - 14-16, Co-Bal 
No. 25 

Copper, 
Electrolytic ' (ETP) Cu-99.90, 0x~~en4.04 

Type 1100 Aluminum Si + Fe-1.0, Cu4.20, Mn-0.05, m-0.10, others, total-0.15 

Type 3003 Aluminum Si-0.6, Cu-0.20, Mn-l.Gl.5, Zn-O.10, Fe-0.7, others, total-0.15 
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Fig. 10. Hardness of Commercial Metals and Alloys as a Function 
of Temperature. The steel specimens show11 axe t y p e  347 stainless steel 
and SAE No. 1020 steel, tested in the as-received condition. 
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temperatures to avoid the use of negative Rockwell hardness numbers.. The 

value of the depth of indentation (in microns) on the Rockwell superficial 

scale is readily obtained22 by subtracting the hardness reading from 100. 

Thus, for hardness readings of 20 and -60, the respective values of the 

depth of indentation are 80 and 160 p. Figure 12 shows the depth of in- 

dentation of a 1/8-in. carbide ball penetrator at 151kg load as a function 

of temperature for two aluminum alloys. . Type 3003' aluminum alloy is 

harder than the type 1100 aluminum alloy up to 450°C. Furthermore, the 

type 1100 alloy at room temperature is as hard as the type 3003 alloy at 

about 300°C; at 350°C its hardness is the same as the hardness of the 

type 3003 alloy at about 450°C. 

HOT HARDNESS RESULTS - MICROINDENTATION HARDNESS TESTER 

Phase Transformation of Iron and Steel 

chubb8 has shown, by measuring %he hardness of metals at temperatures 

just above and just below their allotropic changes, that the crystal 

structure has a real effect upon the strength of metals. The sensitivity 

of the ORNL elevated-temperature microindentation hardness tester was 

demonstrated by sharp changes in hardness at the phase transformation 

temperature of iron. The transformation from the body-centered cubic to 

the face-centered cubic structure of Armco Ingot iron is manifested by 

a sharp increase in hardness (Fig. 13). Figure 13 also shows that 

SAE No. 1020 steel is harder than Armco iron in the 500-1000°C tempera- 

ture range and that the transformation of the steel occurs at a lower 

and wider temperature range than does the transformation of Armco iron. 

Niobium- Vanadium Alloys 

The usefulness of the elevated-temperature microindentation hardness 

tester as a screening tool in alloy development is shown in the hot hard- 

ness survey of the niobium-vkadium alloys, particularly when the simplic- 

ity and costs of hot hardness determinations are compared with those of 

elevated-temperature tensile strength testing. 

2 2 ~ .  E. Lysaght, Indentation Hardness Testing, p 103, Reinhold 
Publishing Corp., New York, 1949. 
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Fig. 12. Depth of Indentation of Types 1100 and 3003 Aluminum 
Alloys as a Function of Temperature. 
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Fig. 13.. Elevated-Temperature Hardness of Armco4 Ingot Iron and 
SAJ3 No. 1020 Steel. 1-kg load. 



The niobium-vanadium a l loys  t e s t e d  contained 1, 10, 20, 30, 50, and 

60 wt $ V. These a l loys  exh ib i t  complete s o l i d  so lub i l i t y .  Al l  speci-  

mens were given a p r io r  heat  treatment i n  vacuum f o r  2 h r  at 1200°C. 

The r e s u l t s  shown i n  Fig. 14 reveal  t h a t  (a) t he  hardness decreases 

r e l a t i ve ly  l i t t l e  with increase i n  temperature f o r  a l l  compositions 

tes ted,  (b) t h e  hardness increases with increase i n  vanadium content i n  

t he  e n t i r e  temperature rmlge f o r  a l loys  containing up t o  3@ V, and 

( c )  at  1000°C t h e  hardness of Nb-60qb Vt a l l oy  i s  t he  same as t h a t  of 

~ b - l @  V and lower than t h e  hardness of the a l loys  containing 20, 30, o r  

5@ V (hardness vs composition curve - i n s e r t  i n  Fig. 14 ) .  

These r e s u l t s  a r e  i n  good agreement with those obtained a t  Armour 

Research Foundation, 23 where it was round t h a t  t h e  maximum s t reng th  

occurred at about N'b-4@ V when vanadium-niobium a l l oy  s e r i e s  was t e s t e d  

f o r  u l t imate  t e n s i l e  s t reng th  at  2000°F ( 1 0 9 3 " ~ ) .  

Age Hardening of Haynes Alloy No. 25 

I n  t he  customary method of studying age hardening, t he  process of 

aging i s  in terrupted by cooling t h e  specimen and measuring i t s  room- 

temperature hardness. However, t h e  aging process may be conveniently 

measured while it i s  occurring a t  an elevated temperature by a s e r i e s  

o r  hardness measurements at su i t ab l e  time i n t e rva l s .  

To evaluate t he  two methods of obtaining age-hardening data, 18 

samples of Haynes a l l oy  No. 25 were annealed f o r  2 h r  at  2250°F (1232°C). 

Three groups of r ive  samples were considered necessary f o r  t h e  conven- 

ti-and age-hardening t e s t s  a t  1400, 1650, and 1800°F (760, 899, and 

982°C). Individual  samples were aged f o r  4, 16, 32, 64, and 100 hr at  

t he  th ree  temperatures, then water quenched. Room-temperature hardness 

a s  a f i nc t i on  of aging time f o r  these  samples i s  shown i n  t h e  broken 

l i n e s  of Fig. 15. Only th ree  samples were necessary f o r  each of t he  

th ree  temperatures t o  determine t h e  hardness of t h e  a l l oy  at t h e  aging 

2 3 ~ .  P. Rajala and R .  J. VanThyne, Final  Report - Improved Vanadium- 
Base Alloys, ARF 2191-6 (Dec. 27, 1960) . 



Fig. 14. Hardness of Niobium-Vanadium Alloys as a finction of 
Temperature. 2-kg load. 
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Fig. 15. Age Hardening of Haynes Alloy N o .  25. 2-kg load.  



temperatures with the aid of the microindentation hardness tester. The 

specimens were heated isothermally and hardness impressions were made 

after various time intervals up to 100 hr. The results of these determi- 

nations are represented by solid lines in Fig. 15. 

Comparison of the two sets of curves shows, as expected, that the 

hardness values determined at the aging temperatures are lower than the 

room-temperature hardness of the quenched specimens. The conventional 

room-temperature hardness curves show that, up to 75-hr aging, the 1800"~ 

sample is the hardest, followed by the 1650 and 1400°F samples; however, 

hardness measurements made at the elevated temperatures show the reverse 

order. An extremely important feature of hot hardness measurements of 

this alloy is the evidence of overaging or a hardness decrease at all of 

the aging temperatures. 

It must be pointed out that there is little correlation between 

the two hardness testing procedures; however, hot hardness testing of 

an age-hardenable alloy at temperatures simulating the conditions of 

practical utilizations appears to be more applicable than the conven- 

tional hardness determinations made after quenching the sample to room 

temperature. In addition, there is a considerable saving of time in 

processing the smaller number of samples for age-hardening determinations 

with the elevated-temperature hardness testing method. 

CONCLUSIONS 

The elevated-temperature hardness testing equipment described in 

this report has been in operation at ORNL for the past two years, and 

used mainly as a screening tool in the development of alloys with desir- 

able high-temperature properties. The majority of the tests was per- 

formed on the microindentation hardness tester which is more sensitive 

and accurate than the Rockwell tester. The successful operation of the 

elevated-temperature microindentation hardness tester is primarily 

related to the simplicity in design of the dead-loading indenter system 

and to the ability to control the duration of fully applied loads. 



The maximum testing temperature with the present equipment is 1000°C. 

The basic design of the microindentation hardness tester is also adaptable 

for higher testing temperatures; the maximum temperature, however, is 

limited by the presently available high-temperature indenter materials. 
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