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The BI (Ball Indentation) method has the potential to assess the mechanical properties and to 

replace conventional fracture tests. In this study, the effect of aging on mechanical behavior of 

1Cr-IMo-0.25V steels procured by isothermal aging heat-treatment at four different aging times 

in the range of 0--1820 hours at 630°C, were investigated using BI system. 
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1. Introduction 

Low-alloy ferrite steel, 1Cr-lMo-0.25V, is wi- 

dely used as a material for high temperature st- 

ructural components in electric power generation 

industries because of optimum combination of its 

good mechanical properties and relatively low 

cost. However, as it has the problem that its me- 

chanical properties are degraded easily in long- 

term service at high temperatures, it is necessary 

to estimate the degree of degradation exactly in 

order to assure the safety in service. The destruc- 

tive method is reliable to the evaluation of mate 

rial degradation, but there is a difficulty in ex- 

tracting specimens from industrial facilities in 

service. Therefore the evaluation of material deg- 

radation by the nondestructive methods such as 

ultrasonic tests, electric resistance tests (Nham and 

Kim, 1998 ; Seok, et al., 2000) and replica tests is 

required. One of such non-destructive methods is 

a ball indentation technique (Haggag and Nan- 

stad, 1989; Haggag, 1993). 

In this study, the effect of aging on the me- 
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chanical properties of ICr-lMo-0.25V steel has 

been investigated using the BI technique and 

compared with the properties from the conven- 

tional tensile test and the fracture toughness test. 

Four different class materials obtained by iso- 

thermal aging heat-treatment for 0, 453, 933, 1820 

hours at 630°C, were tested. 

2. Ball Indentation Technique 

2.1 Bal l  indentat ion sys tem 

The BI system was developed to determine me- 

chanical properties of material as a non-destruc- 

tive method. The BI system is based on an au- 

tomated ball indentation (ABI) technique and in- 

volves strain-controlled multiple indentations at 

a single penetration location on a polished sur- 

face by a small spherical indenter. The indenta- 

tion loads and penetration depths are measured 

during the test, and are used to calculate the stress- 

strain values from elasticity and plasticity theories 

and semi-empirical relationships which govern 

the behavior of material under multiaxial inden- 

tation loading. By analyzing the stress-strain 

curve, tensile parameters of material such as yield 

strength, tensile strength, strength coefficient and 

strain hardening exponent can be evaluated (Hag- 

gag and Murty, 1997). 

As seen in Fig. 1, BI system is composed of the 

hardware part including load cell, LVDT, in- 

denter, etc. and the software part which calculates 

material properties from electric signals trans- 

ferred by the A/D converter. The test is fully auto- 

mated with a PC and a test controller to control 
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Schematic diagram of the BI system 

the test and analyze the data including real-time 

graphics, digital display of load-depth test data, 

etc.. The indenter is moved into the material at a 

constant speed and the indentation depth is grad- 

ually increased to a maximum limit with partial 

unloading. The loading-unloading process is car- 

ried out in several steps. Indentation load and 

penetration depth are monitored by using an on-  

line load cell and a linear variable differential 

transducer with a high resolution, respectively. 

Thus material properties can be obtained from 

indentation load-depth curve. 

2.2 Theory of  indentat ion 

Tabor(1951) was the first to correlate indenta- 

tion hardness and strain associated with a sphe- 

rical indenter to uniaxial tensile test results. These 

correlations are based on three premises: (i) 

monotonic true stress-true plastic strain curves 

obtained from tension and compression testing 

are reasonably similar; (ii) indentation strain 

correlates with true plastic strain in a uniaxial 

tensile test; and (iii) mean ball indentation pre- 

ssure correlates with true flow stress in uniaxial 

tensile test. These three premises are well esta- 

blished for several materials(Haggag, 1993). It 

should be noted that, with respect to the first 

premise, the engineering stress-strain curves show 

correlation only up to ultimate tensile stress since 

there is no necking instability in compressive 

loading. Thus, although the principle of ball in- 

dentation to study deformation behavior of mate- 

rials is not new, BI technology has several dis- 

tinctly unique features. The BI technique of load- 

ing followed by partial unloading during inden- 

tation enables indentation depth hp associated 

with plastic deformation to be properly estimated. 

- .=~#"~ "~lndentatton Protie 

:-- ~-Recovered Indentation 
Profile after Unloading 

Schematic diagram of an ball indentation 
profile 
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The plastic diameter can then be determined from 

ha even if the sinking-in and pil ing-up of the test 

material around the indentation are not known. 

Fig. 2 is a schematic representation of the inden- 

tation profile in a BI test. 

2.2.1 Stress-strain relation 

The true stress versus true strain curve can be 

represented by the power law equation. 

at = Kcp n ( 1 ) 

where a is the true stress and op is the true plastic 

strain, n is the strain hardening exponent and K 
is the strength coefficient (provided the plot of  the 

data In ff versus In op is linear). Values of  K and 

n are determined by linear regression analysis of 

the data. For  ep----n(Mathew and Murty, 1999), 

Eq. (1) will provide the expression for true ulti- 

mate tensile strength. The engineering value of 

ultimate tensile strength can be obtained from the 

following equation. 

S v r s = K  T e=2.71 (2) 

True plastic strain s~ can be obtained from the 
following equation. 

¢p=0 .2dp /D (3) 

D is the diameter of the ball  indenter and. dp is 

plastic indentation diameter, ds, can be expressed 

as follows. 

do S f~ .5CD[h~+(d f f2 )2]  ='V ~ 2 2 ~  (4) 

where C = 5 . 4 7 P ( 1 / E I + l / E z ) .  E l  and Ez are 

the elastic moduli of indenter and specimen, and 

true plastic stress at can be calculated from the 
following equation. 

at = 4 P / x d  z ~ (5) 

where 

( l . t 2  95~1 

a=/l.t2+dn¢ I < q6~27 

(2.87am ~b >27 

epE2 
~b 0.43~r t 

z'= (2 .87a~-  1.12) 

The parameter ~b represents the three stages of 

plastic zone development under the indenter ; (i) 

nucleation of plastic zone (~b~ 1), (ii) transition 

to the development of plastic zone (1<q5_<27), 

and (iii) fully developed plastic zone (~b>27). 

The parameter ~b depends on the flow stress and 
plastic strain, and its value is calculated by itera- 

tion. The parameter am depends mainly on the 

strain rate sensitivity and work-hardening charac- 

teristics of the material ; a~ varies from 0.9 to 125 

for different materials, typically with a value of 1.0 

for low strain rate sensitive materials. In this 

study a~ of 1Cr-IMo-0.25V steel was obtained 

from comparing true stress-true strain curve by a 
tensile test with one by a BI test. 

2.2.2 Yield Stress 

The flow stress corresponding to the initiation 

of plastic deformation (qS= 1) is not determined 

from Eq. (5) because the corresponding strains 

are too small to be directly measured during the 

indentation test. Therefore, a different approach is 

used for the estimation of the yield strength. Yield 

strength is estimated from the relationship be- 

tween the mean pressure and impression diameter 
as developed by Meyer. Data points from all 

loading cycles (maximum value of dt /D=l .O)  
are fit by linear regression analysis to the follow- 

ing relationship : 

P . [ dt  \ m-5 
d~2t2 : z A n y - )  (6) 

dt is the total diameter of the impression and m 

is the Meyer's exponent (m generally has a value 

between 2 and 2.5) and A is a material yield para- 

meter obtained from the regression analysis. The 

value of dt is determined from total depth of 

penetration (Fig. 2) using the following equation. 

d, =2~/Dht - h~ (7) 

where ht is the total depth of the indentation. The 
yield strength (Cry) is proportional to the Meyer 

hardness (4P/rcde). d is the final impression 

diameter and can be calculated using the follow- 

ing equation. 

a~=5,,~A (8) 
Here /~'m and A are constants for a given mater- 

ials. The value of /5',n is determined from yield 
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strength obtained from standard tensile tests, and 

the value of m is obtained from BI tests. 

2.2.3 Brinell hardness 
The Brinell hardness, HB, can be determined 

using the following equation. 

HB = 2Pmax (9) 
[~rD ( D -  (DZ-/~)0 .s )  ] 

where/°max is the maximum indentation load and 

/)f  is the final diameter of the indentation circle. 

The ultimate tensile strength can also be estimated 

from the Brinell hardness. 

2.2.4 Indentation Energy to Fracture (IEF) 
IEF proposed by Haggag, et al. (1990) in order 

to calculate the fracture toughness by using on BI 

tester, and it is defined as absorbed indentation 

energy to cleavage fracture of material in BI test. 

It can be expressed as follows. 

where S is the inclination of indentation load- 

depth curve and hy is the depth of virtual fracture 

when the maximum normal stress reaches the 

critical stress of cleavage fracture. To calculate the 

depth of the virtual fracture, fracture stress was 

obtained from a tensile test. The virtual stress of 

indentation fracture corresponding to this fracture 

stress was defined as the representative fracture 

stress. Then the depth of indentation fracture for 

the representative fracture stress is the depth of the 

virtual fracture. 

3. E x p e r i m e n t a l  P r o c e d u r e  

3.1 Degradation material 
The present investigation has been carried out 

Table 1 

using the four classes of the thermally aged 1Cr- 

Mo-0.25V steel specimen prepared by artificially 

accelerated aging method. Degradation time was 

determined from the self diffusion theory of Fe by 

eq. (11) and Eq. (12). O1 and /)2 of the equa- 

tions are diffusion coefficients for each 538°C and 

630°C and the degradation time(t2) for 630°C is 

followed as Eq. (13) (Abdel-Latif, et al., 1982). 

DI:D° exp[-  R--~ I -  Ch ( l l )  

D2 = D° e x p [ - R--~2 J - Ct2 (12) 

where R is the gas constant(8.314J/kmol/K) 
and Q is the activation energy(65kcal/mol) for 

the self diffusion of Fe and 7"1, 7"2 are degradation 

temperature and h, t2 are degradation time. Aging 

was carried out for four different aging times, 0, 

453, 933, 1820 hours at 630°C each. The chemical 

composition of the specimen and the aging time at 

630°C for equivalent microstructure served at 

538°C are given in Table 1 and Table 2 respec- 

tively. 

3.2 Experiments 
Ball indentation tests were performed on 

materials degraded at the laboratory. A tungsten 

carbide spherical indenter of 0.508ram diameter 

was used for the BI tests. The tests were carried 

out with an indenter velocity of O.O05mm/s at 

room temperature. The loading-unloading pro- 

cess was carried out in seven steps. Values of BI 

parameters am and ~m were derived by equating 

yield and tensile strengths from standard tensile 

tests with the BI tests of virgin material at room 

temperature. 

Chemical compositions of I Cr-IMo-0.25V steel 

Element C Si Mn S P Ni Cr Mo V Sn 

Composition 0.29 0.01 0.74 0 . 0 0 4  0.007 0.60 1.29 1.24 0.25 0.0047 
(wt. %) 

Table 2 Determination of aging time at 630°C for equivalent microstructure serviced at 538"C 

Time in Serve at 538"C (hour) 

Equivalent Time at 630"C (hour) 

0 25,000 50,000 100,000 

0 453 933 1,820 
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According to ASTM E 8, tensile tests were per- 

formed with standard tensile specimens at room 

temperature. The fracture toughness (K1c) test was 

carried out using a 25 ton hydraulic dynamic 

tester according to ASTM E 399. CT typed spec- 

imens, 25.4mm thick, were used. But because the 

tests didn't  satisfy the size requirements for a valid 

Kzc, the results of toughness tests were transcribed 

a s  Ko. 
Hardness tests were conducted using Vickers 

hardness tester. The surface of the specimen was 

polished mechanically using Alz03 powders and 

the test load was 9.8N. After tests, the values of 

Vickers hardness were converted into those of 

Brinell hardness as to ASTM E 140 in order to be 

compared with the values from BI tests. 

4. Results and Discusstion 

4.1 Mierostrueture 

Microstructures of the degradation materials 

have been observed using an optical microscope. 

Fig. 3 shows the microstructures of the material 

for each degradation time, which shows a slight 

increase of carbide to cause degradation. Espe- 

cially the microstructure of 1820 hour of aged 

material shows precipitation along the grain bo- 

undaries as compared to the others. Because de- 

m m 

crease in strength by aging is directly attributed to 

coarsening of carbides and increasing of preci- 

pitates along the boundaries, the changes of mi- 

crostructure with increase of aging time are ex- 

pected to decrease in strength. 

4.2 Tensile  and hardness behavior 

Values of am=l.25 and /~m=0.225 were thus 

estimated using yield stress of 711MPa and ulti- 

mate tensile stress of 844MPa by standard tensile 

tests. These values of a and fl were used in the 

analysis of all BI data. 

Fig. 4(a) and Fig. 4(b) show the comparison 
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Fig. 3 Microstructure for each material after aging 
for with magnification of 400 (a) 0 hour (b) 
453 hour (c) 933 hour and (d) 1,820 hour at 
630°C 
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Table 3-1 Results of BI tests 
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Degraded Time 
[hour] 

0 

453 

933 

1,820 

BrinellHardness 
[HB] 

1 2 3 Mean Dev. 

287 291 289 289 2.83 

241 230 234 235 7.83 

213 202 209 208 7.83 

185 199 194 193 9.97 

Yield Strength 
[MPa] 

1 2 3 Mean Dev. 

687 702 690 693 11 

538 561 558 552 17.1 

489 504 500 498 10.8 

186 195 194 192 6.71 

Tensile Strength 
[MPa] 

1 2 3 Mean Dev. 

830 841 837 836 7.83 

690 678 681 683 8.68 

600 610 607 606 7.18 

572 558 562 564 10.1 

Table 3-2 Results of BI tests 

Degraded Time 
[hour] 

0 

453 

933 

1,820 

Strain Hardening Exponent 

1 2 3 Mean Dev. 

0.05 0.045 0.07 0.06 0.01 

0.075 0.089 0.08 0.08 0.01 

0.1 0.09 0.09 0.09 0.01 

0.15 0.13 0.11 0.13 0.02 

Strength Coefficient 
[MPa] 

1 2 3 Mean Dev. 

1002 1 1 2 5  1 0 1 9  1049 91.1 

924 860 903 895.7 45.7 

800 854 823 825.7 38.3 

753 820 798 790.3 47.9 

IEF 
[mJ/mm 2] 

560 

460 

415 

386 

Table 4 Results of tensile tests, fracture toughness tests 

Yield Strength Tensile Strength[MPa] Ko[Nmm -3/2] Degraded Time[houri (0.2% offset) [MPa] 

0 711 844 3,863 
453 533 676 3,304 
933 481 615 2,761 

1,820 450 582 1,771 

of  the stress-strain curves from BI test and tensile 

tests for virgin and aged materials respectively. 

The results of  BI tests and tensile tests are sum- 

marized in Table  3 and Table 4 respectively. 

Figure 5 shows the effect of  normalized factors, 

Le., Brinell hardness, tensile strength of BI tests, 

indentation energy to f racture(IEF)  and tensile 

strength of  tensile tests on degraded time at in-  

service temperature, 538°C. Normal ized factors 

divide the values of  aged materials by those of  

virgin. This result shows that normalized Brinell 

hardness agrees well with others. Hence, it is seen 

that the effect of  those on degraded time can be 

estimated by Brinell hardness. 

Figure 6 shows the effect of  the others, i.e., strain 

hardening exponent,  strength coefficient and frac- 

ture toughness on degraded time at in-service 

temperature, 538°C. Brinell hardness and strength 

coefficient are not  l inearly related, but strain 

hardening exponent  and fracture toughness are 

1.2 

1 

k/ .  

"~0.6 

E0.4 

0.2 

Fig. 5 
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Effect of normalized factor on degraded time 
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linearly related with degraded time. That  is, 

n~=Aat + l 14) 
no 

Ko _ B J  + i 15) 
KQo 

where t is the degraded time and no and K00 are 
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Effect of normalized factor on equivalent 
degraded time at service temperature 

strain hardening exponent and fracture toughness 

of virgin material respectively, and A a = 6  × 10 -6 

and Ba = - 5  × 10 -6. Normalized strain hardening 

exponent increases, but normalized facture tough- 

ness decreases with increase of the degraded time. 

Hence normalized fracture toughness is a useful 

factor for evaluating the degree of material deg- 

radation. 

Figure 7 shows the exponential relation be- 

tween normalized fracture toughness and nor- 

malized Brinell hardness. That is, 

Ko _ Cd-- D d e - ~  (16) 
K00 

w' H B  nere x = ~  ° and Ca=1.048 and Da=129.435 

and Fa=8.097.  If  normalized Brinell hardness 

can be obtained by BI test, normalized fracture 

toughness cdn be determined by Eq. (16) in case 

of 1Cr-IMo-0.25V steels and it means that also 

the degree of  material degradation can be deter- 

mined by BI test. 

The BI test is a quasi-nondestructive method to 

get material properties without the destruction of 

the material. This method has the strong points of 

being applicable to in-service facilities and being 

able to get reliable data without the influence of 

an experimentalist's skill and so on. It is expected 

to be able to estimate not only general mechanical 

properties like tensile strength and hardness but 

also fracture properties like fracture toughness 

and indentation energy to fracture at the view- 

point of  material degradation. 
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5. C o n c l u s i o n s  

In this study, the effect of aging in the degrada- 

tion time range 0 ~  1820 hours at constant aging 

temperature of 630°C on the mechanical behavior 

of 1Cr-lMo-0.25V steels have been studied using 

the ball indentation system. The results are sum- 

marized as follows. 

(1) Normalized Brinell hardness agrees well 

with others, i.e., tensile strength of BI tests, 

indentation energy to fracture(IEF) and tensile 

strength of tensile tests at the viewpoint of mate- 

rial degradation. 

(2) Because fracture toughness is linearly re- 

lated with in-service degraded time, normalized 

fracture toughness is a useful factor for evaluating 

the degree of material degradation. 

(3) Because there is the exponential relation 

between normalized fracture toughness and nor- 

malized Brinell hardness of ICr- lMo-0 .25V 

steels, normalized fracture toughness can be de- 

termined by Brinell hardness. 
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