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Evaluation of a miniaturized disc test for 
establishing the mechanical properties of 
low-alloy ferritic steels 

V. VORLICEK*, L. F. EXWORTHY, P. E. J. FLEWlTT 
Nuclear Electric, Technology Division, Berkeley Technology Centre, Berkeley, Gloustershire, 
UK GLB 9PB 

A miniaturized disc test has been used to measure load-displacement curves for a 2~CrlMo 
steel, from which are derived values for the Young's modulus of elasticity, yield stress and 
ultimate tensile strength over the temperature range -196 to 25 ~ The miniaturized test 
uses disc specimens 3 mm diameter and 0.25 mm thick and a test jig that applies a load via 
a 1 mm diameter steel ball at a constant displacement rate. The reproducibility of the 
method has been determined by testing a large number of the 2�88 steel specimens at 
each temperature considered. Comparisons have been made between analytical and 
empirical methods of evaluating the tensile yield stress and ultimate tensile strength from 
the measured load-displacement data. In addition, consideration has been given to the total 
energy to fracture, K*, and the variation with temperature which confirms a transition from 
low-energy cleavage to high-energy ductile fracture. 

1. introduction 
The exposure of operating gas-cooled nuclear electri- 
cal power generating plant to neutron irradiation can 
lead to a change in the mechanical properties of the 
steels used in the construction of the reactor core and 
the containing pressure vessel. The neutron irradia- 
tion degrades the mechanical properties as a result of 
the dynamic interaction between dislocations, defect 
clusters and impurity or solute elements which raise 
the yield strength and increase the brittle to ductile 
transition temperature of the material [ 1]. Of particu- 
lar interest are the changes to the mechanical proper- 
ties of the submerged arc-weld metal that is used in the 
construction of the Magnox steel reactor pressure 
vessels. Here the response is attributed to the copper 
content derived from the coating on the welding con- 
sumable and also there are changes which have been 
related to the higher impurity element content, in 
particular phosphorus [1-3].  

As a consequence, a variety of techniques has been 
adopted to measure the changes in the mechanical 
properties of steels associated with exposure to neu- 
tron irradiation [4]. However, because of the irradia- 
tion volume constraints associated with testing larger 
specimens of these materials, the developments have 
extended to methods that use small-sized specimens. 
The volume constraints arise from (a) difficulties asso- 
ciated with testing larger volumes of active material, 
(b) the limitation, in some circumstances, on the vol- 
ume of test material that can be exposed to the irradia- 
tion environment, and (c) the volume of material that 
can be extracted from critical locations of operating 

plant. In particular, variants of the ball punch test 
have been applied to assess the deformation and frac- 
ture properties of these materials [5]. With respect to 
the deformation characteristics, the properties that 
have been derived include elastic modulus [5], ductil- 
ity [6], load-deflection behaviour [7] and biaxial 
stress- strain behaviour to obtain mechanical proper- 
ties equivalent to a conventional uniaxial tensile test 
[-8-10]. However, it is in the area of fracture properties 
and, specifically, the brittle-to-ductile fracture transi- 
tion temperature that there is a particular need to 
obtain da ta  [1]. In this respect, Baik et al. [11] and 
Mao et al. [12] demonstrated that a ball punch test 
applied to specimens of 10 mm x 10 mm and 1 mm 
thickness provides a measure of the brittle-to-ductile 
transition temperature which can then be related em- 
pirically to the Charpy transition temperature. As 
a consequence, there has been a series of papers pub- 
lished which describe developments of ball punch 
specimen technology to obtain fracture energy and 
thereby values of fracture toughness, such as J~c and 
K~c. The need to obtain such mechanical property 
data on irradiated material has led Misawa et al. [13], 
McNancy et al. [14] and, more recently, Kameda and 
Mao [15] to extend the technique to testing 3 mm 
diameter disc specimens to measure a range of mech- 
anical and fracture properties. This has been referred 
to variously as a super small punch test or a miniatur- 
ized disc test; we adopt the latter terminology. 

In an earlier report, Exworthy [16] presented re- 
sults of transition curves for tests conducted on 8 mm 
diameter and 0.5 mm thick Ducol W30 and low-alloy 
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T A B L E  I Chemical analysis of the 2�88 steel (wt %) 

C Mn S P Si Cr Ni Mo Sn As Sb Fe 

0.081 0.45 0.01 0.007 0.28 2.27 0.15 1.00 0.077 0.006 0.02 bal 
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Figure 1 Schematic diagram of the miniaturized disc test jig to test 
disc specimens 3 mm diameter and 0.25 mm thick~ 

steel specimens, and in this paper we describe a minia- 
turized test which uses a 1 mm diameter ball punch 
applied to measuring the properties of 3 mm diameter, 
0.25 mm thick disc specimens of 2�88 steel. The 
objective was to establish the reproducibility of the 
test method and analyse the data to obtain a measure 
of the tensile stress-strain properties, including elastic 
modulus, yield stress and ultimate tensile strength, 
together with a simple assessment of the fracture 
energy over a range of temperature from - 196 to 
25~ 

2. Exper imenta l  procedure  
2 .1 .  M a t e r i a l  
The material used was 21CrlMo steel with an 
impurity addition of tin. The chemical composition 
of the steel is listed in Table I. The material was 
heat treated at a temperature of 1050~ for 
120 rain and then furnace cooled. Specimens were 
prepared from a rod machined to 3 mm diameter 
which was sliced into discs ~ 0.4 mm thick. Each 
disc was then precision ground to the final dimension 
of 0.25 mm using 800 and 1200 grit silicon carbide 
paper. The thickness of each specimen was measured 
using an optical projection system and the deviation 
in finished thickness of each was accurate to 
_+ 0.005 ram. 

2.2. Testing 
The miniaturized jig used to test the 3 mm diameter 
disc specimens is shown schematically in Fig. 1. The 
main components of the jig are manufactured from 
Sanderson Kayser KEA 180 high-duty tool steel tem- 
pered to a Rockwell hardness of Hr60 to 63 to opti- 
mize the tensile strength. The component parts were 
each machined to a high tolerance, all surfaces being 
concentric and square to 30 gm, and critical surfaces 
were ground and polished to a 4 gm finish. The loading 
ball was a standard 1 mm diameter ball bearing. The 
experimental configuration uses a non-clamped centre- 
loaded disc specimen of nominal dimensions 3 mm dia- 
meter and 0.25 mm thickness. The upper and lower dies 
are joined by four screws and this geometry constrains 
the specimen from cupping upwards at the periphery 
during testing. The clearance between the specimen and 
upper die is 0.01 ram. The tensile machine loading bar is 
fitted with a spherical end to facilitate alignment and the 
contact area minimized to reduce any possible ice 
forming on the loading bar during testing. 

All tests on the 3 mm diameter disc specimens were 
performed on a universal testing machine, Hounsfield 
H10KM, equipped with an environmental chamber 
cooled with liquid nitrogen. Each test was conducted at 
a constant crosshead speed of 0.2 mm s- 1. Two identi- 
cal miniaturized disc jigs were used for testing and 
a cross-correlation was undertaken to ensure no jig- 
specific bias existed in the resulting data. Temperature 
was controlled by a chromel/alumel thermocouple 
positioned in the environmental chamber and a second 
thermocouple was positioned to measure the temper- 
ature of the jig. The tests were performed after a period 
of about 10 rain to ensure the required temperature 
was achieved. During testing, the load-displacement 
data were captured at every 4 gm displacement and 
stored on a microcomputer which allowed the data to 
be subsequently processed. At each temperature, 
a minimum of six specimens was tested to ensure an 
appropriate statistical confidence in the mean value. 
The stiffness of the testing machine combined with the 
test jig assembly was measured at room temperature 
using a linear displacement transducer positioned be- 
low the specimen as shown in Fig. 1. This provided an 
appropriate calibration for this relatively soft system 
and a correction was applied to each load-displace- 
ment curve obtained. This correction factor is parti- 
cularly important for establishing the initial gradient 
and overall shape of the load-displacement curve. 

3. Calculat ion of tensi le  propert ies f rom 
disc specimens 

The stress and strain states developed in the miniatur- 
ized disc test specimens of 3 mm diameter and 
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0.25 mm thickness are more complicated than for 
a simple uniaxial tensile test specimen. We are con- 
cerned with bending a small, thin circular plate of 
material where a biaxial stress state is developed. As 
a consequence, it is necessary to use solutions appro- 
priate to the elastic regime to derive the uniaxial 
tensile properties. These are set down in Roake and 
Young [17] where the mid-surface of the disc speci- 
men is considered to remain unstressed, whereas other 
points are subject to biaxial stresses in the plane of the 
disc. This leads to vertical strength lines in the disc 
becoming inclined when deformed, so that principal 
stresses at points on these linesare propo/tional to the 
distance from the mid-surface and stresses are max- 
imum at the surface of the disc. As a consequence, 
stresses and strains are not simply related to measured 
loads and displacements obtained from the miniatur- 
ized disc test. We now summarize relationships used 
to calculate the mechanical properties in this paper 
based upon the schematic typical load, P, versus dis- 
placement, d, curve for a miniaturized disc test shown 
in Fig. 2. 

3.1. Modulus of elasticity 
The slope, P/d, of the initial, linear region of the 
load-displacement curve in Fig. 2 is proportional to 
the Young's modulus of elasticity, E (GPa). However, 
the shear and bending displacement for a centrally 
loaded disc has been analysed and the shear modulus, 
G, is simply related to the Young's modulus for 
uniaxial deformation (G = E/2(1 + v)). As a conse- 
quence, E may be calculated using the relationship 
[15] 

E = (P /ndt) [1.2(1 + v)ln(R/r) + 0.75R 2 (1 -- v2)/t 2] 

(1) 

where t is the specimen thickness, d is the displace- 
ment, P is the load, R is the radius of the supporting 
specimen jig, r is the contact radius, and v is Poisson's 

P~ 
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Figure 2 Schematic diagram of a typical load, P0 versus displace- 
ment, d, curve obtain from small disc specimens [1 iI.  The character- 
istic deformation behaviour can be divided into four: (I) elastic, (II) 
plastic, (III) plastic membrane stretching, and (IV) plastic instability. 
P1 and P2 correspond to loads for estimating % and c%. 
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ratio. Equation 1 assumes that the contact radius is 
constant throughout elastic deformation of the disc 
and there is no friction at the contact surface. How- 
ever, because the contact radius increases as the load 
is increased, this would lead to the evaluated value for 
E being an underestimate of the true value. 

3.2. Yield stress 
Values for the yield stress, %,  can be calculated from 
the deviation from linearity of the elastic part of the 
load-displacement curve, Fig. 2. Because elastic solu- 
tions remain valid to this limiting condition, O-y can be 
calculated from a knowledge of the applied load, P1, 
and the deformation characteristic of a disc specimen 
[17]. This analysis provides a measure of the tensile 
stress at the outer surface of a disc below the position 
of  the ball indentor and, for an unconstrained disc, the 
tensile stress at the periphery. Each stress can be 
equated to the yield stress, %, and for an uncon- 
strained disc this is given by 

% = [3P1(1 + v)/2nt 2] [ln(4e/nrl + [])] (2a) 

where v is Poisson's ratio, t is the specimen thickness, 
13 is 0.435 for a disc and 

rl = (1.6r 2 + t2) ~/2 - 0.675t for r < t/2 (2b) 

and 

r~ = r f o r t > t / 2  (2c) 

where r is the radius of the contact area between the 
ball indentor and the disc specimen surface where 
friction is assumed to be small. For  a constrained disc 
specimen of the type tested in the jig shown in Fig. 1, 
yielding occurs at the surface where it is supported 
and under these conditions the relationship for evalu- 
ating the yield stress simplifies to [17] 

(~y ~- 3P1/2nt 2 (3) 

It should be noted that Kameda and Mao [18] have 
proposed an empirical approximation to estimate % 
for the small punch test procedures based upon 
a series of experimental data obtained for a range of 
ferritic steels. This gives a relationship 

(Yy = ~ P 1 / f  2 (4) 

where 0~ equals 0.36 for low-alloy ferritic steels. 

3.3. Strain 
For small plastic displacements if we assume the bent 
disc specimens achieves the shape of a spherical cap, 
the biaxial tensile strain, ~, is given by [6] 

= td / (R  2 + d ~) (5) 

where d is the displacement below the indentor. This 
equation is obtained from a simple analysis of a bent 
disc where the radius of curvature is described in terms 
of the deflection and the support radius. The max- 
imum strain, ~f, at the lower surface of the disc is 
obtained by assuming that fracture occurs at the max- 
imum load. This simple approximation is strictly valid 
only for small displacements because it is under these 



conditions that the strain field is approximately uni- 
form. Unfortunately, materials such as ferritic steels, 
do not behave in this way and this is not a reasonable 
approximation. Fracture can occur at any displace- 
ment beyond the maximum load, P2, and up to the 
maximum strain, ~f (Fig. 2), so that the point of frac- 
ture is not simply defined. 

3.4. Ultimate tensile strength 
In the case of the ultimate tensile strength, cyu, the 
larger plastic strains make the translation to the 
equivalent uniaxial parameter less certain. As a conse- 
quence, several analytical and empirical approxima- 
tions have been developed to derive this parameter. 
We will consider those that are appropriate to low- 
alloy ferritic steels. A typical analytical approximation 
for Cyu is [17, 19] 

cYu = P2/22rcrt  (6) 

where P2 is the maximum measured load, Fig. 2. 
However, Kameda and Mao [15, 18] have offered the 
following empirically derived approximation 

U u  : T ( P 2 / t 2 )  - -  i"1 (7) 

where 7 is 0.13 and ~ is 0.32 for a range of ferritic 
steels. Since we are concerned with establishing 
a uniaxial parameter from the load-displacement data 
obtained from disc specimens at large strains, the 
value of % will probably be the least precise estimate 
of the mechanical properties considered. 

4. Results  
The microstructure of the 2�88 steel specimens 
containing an impurity addition of tin consists of 
bainite together with a distribution of coarse M23C6 
type carbide precipitates on lath and prior austenite 
grain boundaries. The specimens have a prior aus- 
tenite grain size of ~ 100 pm (mean linear intercept). 
A four-fold increase in the concentration of tin has 
been measured at the prior austenite grain boundaries 
on thin-foil specimens using high-resolution X-ray 
microanalysis [20] as a result of the furnace-cooling 
heat treatment. The results of uniaxial tensile tests 
carried out over the temperature range - 1 6 0  to 
25 ~ are given in Table II: the test specimens had 
a gauge length of 20 mm and diameter of 4 mm. 
Table II gives values for the uniaxial properties, 
Young's modulus of elasticity, 0.02 proof stress 
( = yield stress) and ultimate tensile strength. 

Typical load-displacement curves obtained for the 
2�88 steel miniaturized disc test specimens over 
the temperature range - 100 to - 190 ~ are shown 
in Fig. 3. At the highest temperature, Fig. 3d, the curve 
divides into the four characteristic regions shown 
schematically in Fig. 2: (i) elastic bending, (ii) plastic 
bending, (iii) plastic membrane stretching, and (iv) 
plastic instability. The gradient of the initial linear 
region is used to derive the Young's elastic modulus of 
the material, E, as given in Section 3. After linear 
extension, yielding occurs where the yield load, P~, the 
position of departure from linearity in the computer- 

stored data, provides the yield stress, %. This is fol- 
lowed by plastic deformation which propagates 
radially from the contact area between the ball inden- 
tor and the disc specimen. The membrane of the disc 
specimen continues to stretch until the maximum 
load, P2, is reached and this is followed by fracture 
and ultimate failure of the test specimen. Fig. 3a-d 
show the change of shape of the load-displacement 
curves with increasing test temperature. Clearly as the 
test temperature is reduced plastic deformation be- 
comes progressively restricted and at the lowest tem- 
perature (Fig. 3a), yielding is followed rapidly by the 
onset of brittle fracture and failure of the specimen. In 
some cases the load-displacement curves did not fol- 
low the characteristic shape post-maximum load due 
to the complexity of disc failure following the onset of 
fracture. The elastic modulus (Fig. 4), yield stress 
(Fig. 5a and b), and ultimate tensile strength (Fig. 6a 
and b), over the range of temperatures at which the 
tests were conducted, were calculated using the rela- 
tionships given in Section 3. To assist with these evalu- 
ations, the diameter of the contact area between the 
ball indentor and the disc specimen was measured 
from visible indentations on the specimens using the 
optical procedure described by Li et  al. [5]. For loads 
less than the yield, the measured indentation diameter 
varies approximately linearly up to a maximum of 
90 pm diameter (r = 45 pm) for a room-temperature 
test. Values of (yy calculated using the rigorous, Equa- 
tion 3, and empirical, Equation 4, approximations are 
compared in Fig. 5a and b. Clearly there is close 
agreement with the values obtained for uniaxial tests, 
Table II. 

To obtain an estimate of the fracture energy for the 
2�88 steel, the area under the load-deflection 
curves was calculated to provide a measure of the 
total energy to effect fracture of the disc specimens. 
Fig. 7 shows the variation of this measure of fracture 
energy, K*, with test temperature. The mean of the 
data at each test temperature shows a variation with 
temperature characteristic of the brittle-to-ductile 
transition temperature for this 2�88 steel. 
The transition temperature indicated is simply 
the mid-value between the upper and lower shelf en- 
ergy, based on mean data. Fig. 8a and b show macro- 
graphs of the plastic deformation and crack propaga- 
tion path within these disc specimens, together with 
the fracture surface morphology (Fig. 9a and b), at 
selected temperature positions on the fracture energy 
plot in Fig. 7. At the lower temperatures there is little 
evidence of  ductility; cracks propagate along radial 
directions and cleavage fracture is observed. As the 

T A B L E  II Bulk uniaxial mechanical properties for 2�88 
steel 

Temperature E 0"0.02 ( ~ O'y) O- u 

(~ (MPa) ( +_ 20 MPa) ( +_ 20 MPa) 

25 2.14 x 105 311 558 
- - 8 0  2.28 x l0 s 362 674 

-- 120 - 436 764 
- -160  2.41 x 105 539 784 
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Figure 3 Load-displacement curves obtained for the furnace-cooled 2�88 steel miniaturized disc specimens tested at (a) 
(b) -143~ -170~  and(d) -190~  
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Figure 4 Variation of mechanical properties with temperature esti- 
mated from the 2�88 steel miniaturized disc tests: Young's 
modulus of elasticity, E. 

test temperature is increased, plastic deformation be- 
comes increasingly evident and within the upper shelf 
region the failure is associated with ductile cracks that 
follow a circumferential path. Fig. 9 shows correspond- 
ing scanning electron fractographs of the progressive 
change from brittle, cleavage, to ductile fracture as the 
test temperature is raised from - 196 to 25 ~ 

5.  D i s c u s s i o n  
The disc specimens selected for these miniaturized 
tests are of a significantly smaller volume than more 
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miniaturized 1 disc specimens of 2~CrlMo steel with temperature. 

Figure 8 Low-magnification scanning electron micrographs of the 
failed disc specimens of 2�88 Mo steel showing the plastic deforma- 
tion and crack propagation paths at temperatures of (a) 25 ~ and 
(b) -- 190~ 

conventional test specimens used to measure mechan- 
ical properties. Indeed they are at least an order of 
magnitude smaller than many specimens used in tests 
classed as "small specimen". As a consequence of both 
the small size of specimen and the volume of material 
sampled, there is the potential for introducing sub- 
stantial random errors into the finally produced data 
that could prevent a realistic measure of mechanical 
property parameters. The sources of potential error 
are associated with (i) the specimen, (ii) the testing 
method, and (iii) the collection and interpretation of 
the data. 

Figure 9 Scanning electron micrographs (secondary electron mode) 
of the fracture surfaces of the 2�88 test specimens shown in 
Fig. 8 at temperatures of (a) 25 ~ and (b) - 190 ~ 
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With the small size of the disc specimen it is impor- 
tant that the material selected is representative of the 
whole body. In the present 2�88 steel the com- 
position and microstructure are relatively uniform, 
which reduces the potential for this source of error. 
Furthermore, it is essential to prepare the disc speci- 
mens to a consistent and reproducible geometry and 
surface finish. The scatter observed in the present 
results (Figs 4-8) show that the thickness control on 
the discs to within +_ 0.005 mm, or + 2%, is suffi- 
cient, provided an adequate surface finish is achieved. 
Following a series of trials, a standard 1200 grit finish 
provided this consistency. The surface finish is parti- 
cularly important for these bend geometry specimens 
because the strain is a maximum at the surface (see 
Section 3). Indeed Li et  al. E5] have shown that it is 
possible to measure properties local to the surface 
using disc specimens of amorphous FevSigB13 melt- 
spun ribbons. 

The test jig described in Section 2 and used for the 
present work has been manufactured to very strict 
machining tolerances. However, there are three poten- 
tial contributions that can lead to misalignment in the 
test system and therefore error: (i) coincidence between 
the punch and die axes of symmetry, (ii) machining 
tolerances for each component part of the jig assem- 
bly, and (iii) centring of the disc specimen within the 
jig. The first two were confirmed to be acceptably 
small by the use of two jigs manufactured to the same 
tolerances and surface finish where the results do not 
show a bias between the two. In the case of specimen 
positioning within the jig, this was measured to be 
within a circle of 0.1 mm diameter of the centre repres- 
enting a positional error of up to ~ 3 %. By inspection 
of the yield stress data in Fig. 5a and b, the spread in 
the data represent a reproducibility in the measured 
value of typically +_ 20% of the mean. This is larger 
than the cumulative value for the major sources of 
error, but is not inconsistent with that anticipated or 
acceptable from such a test when material variability 
is included. 

From a basic understanding of the responses of 
different regions of the load-displacement curves for 
the miniaturized disc specimens (Figs 2 and 3), it has 
been possible to estimate equivalent uniaxial proper- 
ties (Section 3). The acquisition of the test data was 
ensured by computer storage and this has afforded the 
capability to process the data and derive the Young's 
elastic modulus, yield stress, ultimate tensile strength 
and area under the load-displacement curves using 
the equations set down in Section 3. 

Unfortunately, the Young's modulus of elasticity is 
not an easy parameter to measure, even from a simple 
uniaxial tensile test, Table II. The values of the 
modulus of elasticity, E, derived from the present tests 
on disc specimens are subject to further error. The 
stiffness of the complete test system adopted has been 
measured and is used as a correction to obtain the 
finally evaluated modulii. However, the values shown 
in Table II for this 2�88 steel over the temper- 
ature range for the tests are in reasonable agreement 
with reported bulk values [-21]. Because the elastic 
modulus is determined by the interatomic forces in the 
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material it is not a very structure-sensitive mechanical 
property. However, variation of modulus with temper- 
ature for the values obtained from the disc specimens, 
Fig. 4 is consistent with the measured trend, Table II. 
Values obtained from the miniaturized disc tests tend 
to be smaller than the bulk values by a factor of four 
or five. Partly this error can be accounted for by the 
assumptions in Equation 1 that the radius of the 
contact area between the ball indentor and the disc 
remains constant, contact is frictionless and shear 
modulus translates simply to E for deforming a disc 
specimen. This is coupled with a cubic specimen thick- 
ness dependence which will enhance the contribution 
from small differences in the original thickness of 
the specimens. It is noteworthy that although the 
absolute values are smaller, the temperature depend- 
ence is in good agreement with the uniaxial data in 
Table II. 

Comparison of the yield stress for disc specimens 
has been estimated from departure of the initial lin- 
earity of the load-displacement curve point, Pt 
(Fig. 2). The general form of the load-displacement 
curves measured, (Fig. 3), are consistent with those 
predicted by a finite element code described by Han- 
ling et al. [22]. The results over the full temperature 
range of the tests show the variation of yield stress 
with temperature which is anticipated for this ferritic 
steel and which is in agreement with the data in 
Table II. In Fig. I0 we compare the results for ~y 
obtained using the analytical solution, Equation 3, for 
a deforming membrane [17] and the empirical rela- 
tionship, Equation 4, obtained for a range of ferritic 
steels [15, 18] with the uniaxial data. The basis of the 
comparison is the 0.2% proof stress because there is 
no defined yield point in this material. The values 
derived by both methods are in good agreement with 
the bulk values, but the best fit is obtained from the 
empirical solution, Equation 4, and it is recommended 
that this be used for future methods for deriving the 
yield stress for low-alloy ferritic steels. The values of 
ultimate tensile strength (Fig. 6a and b) obtained from 
a measure of P2 (Fig. 2) are in reasonable agreement 
with bulk values for this steel. It is not anticipated this 
will provide anything but an approximate estimate, 
because the disc specimen will be subject to significant 
plastic strain and therefore a more rigorous elas- 
tic/plastic analysis would be required rather than the 
simple relationships adopted. Moreover, it is evident 
that at temperatures below about - 1 5 0 ~  the 
methods described in Section 3 for calculating % are 
no longer valid. 

Finally, we turn to the measure of the brittle-to- 
ductile transition temperature based upon the plot of 
the miniaturized disc test fracture energy, K*. Clearly 
the results in Fig. 7 show that it is possible to obtain 
a change of K* with test temperature and this follows 
the form of curve with temperature traditionally ob- 
served for Charpy impact energy and valid fracture 
toughness tests. Since fracture can occur at any value 
of displacement beyond point P2 shown in Fig. 2 
to the end of the load-displacement curve, at, 
an arbitrary criterion for establishing the area under 
this curve to derive K* has been adopted; this will 
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Figure 10 Comparison of the yield stress, cry, determined from the 
miniaturized disc specimen test compared with the bulk uniaxial 
values. (-  -) Gradient = 1; ( - - - )  regression fit to data, ( i )  
Equat ion 3, ( x ) Equat ion 4. 

stress and ultimate tensile strength for a 2�88 
steel over the temperature range - 196 to 25 ~ 

3. A measure of the total energy to fracture, K*, for 
the miniaturized disc test is derived and this varies 
with temperature, showing cleavage fracture at the 
lower test temperatures and ductile fracture at the 
higher temperatures. 
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introduce an additional but consistent uncertainty 
into the data. However, the results given in Fig. 
7 show that a transition temperature can be derived 
from the mean of each data set at a given test temper- 
ature. As with other data obtained by this method the 
transition temperature obtained from K* values is 
significantly displaced to lower temperatures when 
compared with a traditional transition temperature 
based upon Charpy impact energy, fracture appear- 
ance or fracture toughness. As a consequence, an em- 
pirically derived conversion factor would have to be 
obtained to estimate equivalent bulk values to be 
evaluated. This is not surprising because in the case of 
Charpy and fracture toughness test specimens, the size 
and geometry define the constraint which directly 
affects the brittle-to-ductile transition. 

The present results do show positive and useful 
features that provide a basis for extending the analysis 
to derive a measure of the brittle-to-ductile transition 
temperature. First the fracture mechanism clearly cha- 
nges from brittle cleavage, associated with lower test 
temperatures, to fully ductile at the higher test temper- 
atures, Figs 8 and 9. In addition, Fig. 7 shows a change 
in the magnitude of the standard deviation of the data 
at each test temperature. At low and high temper- 
atures, where there is a single fracture mode, either 
cleavage or ductile, the standard deviation is small. 
However, within the transition region this increases 
significantly reflecting the competition between the 
two fracture processes. This provides a basis for quan- 
tifying the transition temperature which is developed 
by the authors elsewhere [23]. 

6. Conclusions 
1. A method is described which produces reproduc- 

ible test data using a miniaturized disc test specimen, 
3 mm diameter and 0.25 mm thick. 

2. Despite the various sources of error associated 
with testing small disc specimens, realistic estimates 
have been obtained of the equivalent bulk mechanical 
properties, the Young's modulus of elasticity, yield 
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