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Abstract

Microhardness testing is an efficient means of assessing the mechanical properties of many materials, and is espe-
cially convenient for irradiated samples because of the small sampling volume requirement. This paper provides corre-
lations between hardness and yield stress for both irradiated austenitic and ferritic steels by combining existing data in
the open literature. For austenitic stainless steels, seven data sets were assembled and the change in yield stress was
determined to simply be the change in hardness times a factor of 3.03. For the pressure vessels steels, five studies con-
taining both hardness and yield stress data were combined. In ferritic steels, the correlation factor between change in
yield stress and change in hardness was found to be 3.06. The similarity in correlation factors for austenitic and ferritic

steels is consistent with previous theoretical and experimental results.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Radiation-induced microstructure and hardening
have been studied extensively in a number of alloy sys-
tems and under various irradiation conditions [I,2].
The mechanical properties of irradiated alloys change
significantly during exposure [3]. Two broad categories
of mechanical property changes are of critical impor-
tance to reactor core internals and pressure vessel steels:
radiation-induced hardening, usually referring to an
increase in yield stress and ultimate tensile stress as a
function of irradiation dose or temperature, and radia-
tion-induced embrittlement or a reduction in plastic or
ductile deformation occurring before failure. Measure-
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ment and prediction of hardening and embrittlement
in austenitic and ferritic alloys is important for accurate
prediction of component lifetime.

The direct measurement of yield strength of irradi-
ated materials is clearly the most desirable way to
monitor irradiation-induced hardening. However, the
handling and testing of samples with high residual radio-
activity is more difficult as the testing must be performed
in hot cells. As such, the yield stress of a neutron-irradi-
ated alloy can be difficult to determine when compared
to unirradiated materials. Correlations have been devel-
oped which allow calculation of expected yield strengths
from measured microstructural features such as disloca-
tion loops and voids. However, the existing database of
radiation-induced microstructure is also relatively sparse
and the correlations are not yet widely developed for all
alloys of interest.

Microhardness testing provides an alternative means
of assessing changes in mechanical properties. Vickers
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hardness testing can be done quickly and efficiently,
without need for a large volume of sample material, an
important consideration for highly radioactive neu-
tron-irradiated materials. Microhardness testing is also
quasi-non-destructive leaving much of the sample avail-
able for other tests. Microhardness testing also provides
a means for assessing radiation-induced hardening in
ion-irradiated alloys. Ion irradiation has been shown
to be a useful tool in assessing irradiation-induced
changes (hardening, microstructure, radiation-induced
segregation, and even irradiation-assisted stress corro-
sion cracking) [4] without the very long irradiation times
and high levels of residual radioactivity associated with
neutron irradiation. While the yield stress of the thin
damaged layer in an ion-irradiated sample cannot be
measured directly, microhardness tests can easily be with
high precision. Correlations have been developed which
allow calculation of expected yield strengths from mea-
sured hardness [5].

The purpose of this work is to determine correlations
between hardness and yield stress for irradiated austen-
itic and ferritic steels. The physical relationship between
hardness and yield stress will be examined for both
austenitic and ferritic alloys relevant to nuclear power
reactors. For each system, a brief review of existing
hardness/yield stress correlations and the available data
sets is first provided. A relevant correlation is then devel-
oped for each alloy system.

2. Physical relationship between hardness and yield stress

While a correlation between two values is useful by
itself, the underlying relationship between those param-
eters is more meaningful. In this section, the physical
relationship between hardness and yield stress are exam-
ined. The analysis presented here is oversimplified,
although more detailed studies are available.

As originally described by Tabor [5], the indentations
made during hardness tests are discernible as permanent
impressions in the metal, so the indentation must be pri-
marily a measure of the plastic properties of the metal.

While it is true that some change in shape and size oc-
curs when the indenter is removed, the overriding effect
is the plastic flow of the metal around the indenter tip,
implying that the mean pressure over the indenter is con-
nected to the plastic rather than elastic properties of the
metal. Tabor [5] shows that this is indeed the case for a
variety of different hardness and scratch tests, based on
the work of Prandtl [6] and Hencky [7] and that hard-
ness measurement can also be used as a measure of the
yield stress of the metal.

As Tabor originally described, during indentation,
stress is applied to the metal surface through the inden-
ter tip. However, since the tip surface is not parallel to
the sample surface, the stress state during indentation
is not simple compressive. Instead, the stresses must be
examined in two dimensions (along and perpendicular
to the axis of the indenter tip). Plastic deformation
during indentation occurs when the Huber-Mises crite-
rion is satisfied, which in the two-dimensional case, oc-
curs when the maximum shear stress reaches a critical
value, k:

2%k = 1.150,, (1)

where oy is the yield stress.

The pyramidal shape of the indenter tip can be trea-
ted as a wedge during indentation. The pattern of plastic
flow around the indenter tip during indentation can be
determined using the Prandtl solution [6]. The flow pat-
tern is shown schematically in Fig. 1 for a Vickers inden-
tation. The pressure normal to the surface of the
indenter tip can be calculated as

P =2k(1+m7/2). (2)
Egs. (1) and (2) can be combined to yield:
P =2k(1 +n/2) =1.156,(1 + n/2) = 2.960,. (3)

For a Vickers indenter:

Load

y=——"——=0.927P, 4
Contact Area )

f=0,146, sliding

£=0.148, sticking

Fig. 1. Flow pattern during Vicker’s indentation of a material [5].
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where 0.927 is the ratio of the area of the base of the pyr-
amid (the projected area) to the area of the sides of the
pyramid (contact area). Combining Egs. (3) and (4)
gives,

H, =0.927P = 0.927x2.960, = 2.740,. (5)

Reversing this relationship:

oy = 0.364H,, (6a)

with oy and H, in kg/mm?. Alternatively,
oy = 3.55H,, (6b)

with ¢y in MPa and H, in kg/mm?>.

Tabor found the same result experimentally for a
variety of materials (aluminum, copper, and mild steel).
More recently, Larsson [8] studied indentation tests both
theoretically and numerically. Specifically, he used finite
element analysis to examine elastic—plastic material
behavior under sharp contact situations (nano-inden-
ters, Vickers or cone indenters, or even gear contact).
Larsson’s finite element results were in good agreement
with the results of Tabor, validating the assertion that
yield stress can, indeed, be determined from Vickers
hardness measurements.

3. Austenitic stainless steels

While theoretical calculations are valuable as a guide,
correlations based upon experimental results are re-
quired for practical application of microhardness inden-
tation as a substitute for yield strength measurement.
Experimental data sets from the open literature and
existing hardness—yield stress correlations are reviewed
in this section. Data from seven different studies (span-
ning 50 alloys and 133 data points) have been combined
to develop a new correlation between hardness and yield
stress based on the entire available data set.

3.1. Existing correlations and data

Higgy and Hammad [9] measured the effects of low-
temperature (<100°C) fast neutron irradiation on 304,
316, and 347 SS. They determined the tensile and hard-
ness properties over a range of doses. This data set is
shown in Fig. 2(a). For each alloy, the yield stress fol-
lows a linear relationship with hardness. It is important
to note, however, that the dose range for this study is
relatively low, with the highest dose achieved being only
0.2dpa.

Higgy and Hammad empirically verified that the
yield stress and hardness follow a linear relationship of
the form

AH, = KAay, (7)

where both Agy and AH, are expressed in units of kg/
mm?. The constant K was determined by a linear regres-
sion through data spanning a range of hardness and
yield stress values. For 304 SS, K=2.82 and for 316
SS and 347 SS, K=3.0. Note that while the form of
Eq. (7) is slightly different from that formulated by
Tabor in Eq. (6), the constants are very similar in mag-
nitude. Indeed, the values determined by Higgy and
Hammad are quite close to those predicted by Tabor.

While Higgy and Hammad’s correlation is useful, a
correlation based on data from conditions more relevant
to LWR core components is desirable. Kodama et al. [10]
measured the yield stress and hardness of a series of 23
different 304, 316, and 347 stainless steel alloys following
neutron irradiation at 288 °C to doses of 2.9 and 5.0dpa.
The yield stress was measured at elevated temperature
(288°C) in air, while hardness was performed at room
temperature. The data set is shown in Fig. 2(b) and exhib-
its significantly more scatter than that of Higgy and
Hammad, which could be the result of the large number
of alloys (23) studied. Further, the yield stress results
from Kodama relied on only a single tensile sample, while
those of Higgy and Hammad are the average of three
specimens. Nonetheless, the Kodama data is generated
from conditions most relevant to LWR core materials.

Fukuya et al. [11] reported both hardness and yield
stress measurements on another 16 stainless steel alloys
(304, 316, and 347) neutron-irradiated at 288°C to
~3.0dpa. As in Kodama’s study, yield stress was mea-
sured in air at 288°C while hardness was performed at
room temperature. This experimental data set is illus-
trated in Fig. 2(c). The data scatter is similar to that
for Kodama’s data in Fig. 2(b), likely the result of test-
ing only a single tensile specimen on 16 different alloys.

Furutani et al. [12] measured the mechanical proper-
ties of a cold-worked 316 stainless steel after irradiation
to 5% 10°°n/m? (E > 0.1 MeV) at 310°C (about 25dpa).
The tensile properties were measured at elevated temper-
ature (320°C) and hardness was measured at room
temperature. The data from Furutani et al. is shown in
Fig. 2(d).

Allen et al. [13] determined the hardness and yield
stress from a section of a “hex can” taken from EBR-
II and irradiated at ~370°C to doses of 1, 20, and
30dpa The tensile properties and hardness were deter-
mined at room temperature. The data from Allen et al.
is shown in Fig. 2(e).

Bruemmer et al. [14], used a subset of the data of
Kodama (as presented by Suzuki [15]) to create a second
correlation. This data set also follows a linear relation-
ship and was fit as

oy = 2.5(H, — 68), (8)
where oy is in MPa and H, is in kg/mm?. Bruemmer

et al. [14] also measured the uniaxial yield stress and
Vickers hardness in a cold-worked 316 stainless steel
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Fig. 2. Available experimental data comparing yield stress and hardness in austenitic stainless steels. Data taken from (a) Higgy and
Hammad [9], (b) Kodama et al. [10], (¢c) Fukuya et al. [11], (d) Furutani et al. [12], (¢) Allen et al. [13], and (f) Toloczko et al. [16] and

Bruemmer et al. [14].

alloy, shown in Fig. 2(f). Tests were performed at room
temperature and each data point represents the average
of two yield stress measurements and three hardness
measurements.

Toloczko et al. [16] correlated Vickers hardness test-
ing and uniaxial yield stress using tests on unirradiated
316 SS samples cold-worked to various levels, resulting
in hardness ranging from 138 to 344kg/mm?. This data
is illustrated in Fig. 2(f). Both hardness and yield stress
were measured at room temperature. Again, the result-
ing correlation was linear in form and expressed as

oy = 2.7H, — 125, )

where gy is in MPa and H, is in kg/mm?. This relation is
quite similar to that of Bruemmer et al., both in form
and in magnitude of the coefficients.

3.2. Development of a correlation between hardness and
yield stress

In order to develop a correlation using all of the data
listed in the previous section, several factors must be
considered. The dependence upon alloy composition
(304 vs. 316) and test temperature (25°C vs. 288°C) is
important. The form of the correlation is also
important.

Clearly, yield stress and hardness are related in a
linear fashion, as illustrated by the raw data in Fig.
2(a)—(f). However, the existing correlations discussed in
the previous section vary somewhat in form. The
relations developed by Tabor, Bruemmer et al., and
Toloczko et al., are all based on the measured values
of hardness and yield stress, while the relationship deter-
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mined by Higgy and Hammad is based on the measured
changes in hardness and yield stress. Both forms are
useful.

The form chosen for this study is the change in yield
stress vs. the change in hardness. This form is chosen for
several reasons. First, by using the change in hardness
and change in yield stress, one parameter is eliminated
from the correlation (i.e. the y-intercept in Egs. (8)
and (9)). Further, a relationship using change in hard-
ness or yield stress rather than absolute values is more
applicable to all materials, regardless of the initial hard-
ness or yield stress.

Hardness—yield stress correlation factors for the data
(and subsets) from each author were calculated from
change in hardness and change in yield stress and are
listed in Table 1. The unirradiated hardness or yield stres-
ses presented in each paper were used as the baseline val-
ues for determining the change in hardness and yield
stress. The standard deviation, o, associated with each
correlation factor was also determined using standard
methods for linear regression analysis [17,18]. Here, the
standard deviation describes the amount of fluctuation
expected in the calculated correlation factor. For a nor-
mal statistical distribution, there is a 95% probability
that the “true” correlation factor lies within 2¢. The cor-
relation factors calculated for the individual studies are
also compared in Fig. 3, along with the error bars repre-
senting the 20 calculated for each of the correlation fac-
tors. The standard deviations for the Furutani and Allen
data are considerably larger than any of the other data

sets, but this is likely due to a smaller number of data
points than any other systematic error. Of significance

8r T T T T T T

[ Correlation factors +/- 26 for
I austenitic stainless steels.

[ Correlation factor for combined
I data set shown as solid line
+ with +/- 20 as dashed lines.

[=)}

Correlation Factor (MPa/kg/mmz)

Kodama
Fukuya
Furutani
Allen
Toloczko
Bruemmer

Higgy-Hammad

Fig. 3. Comparison of the correlation factors for each of the
data sets used in this study. Also plotted are the 2¢ values for
the standard deviation associated with each calculated correla-
tion factor.

Table 1
Comparison of correlation factors for austenitic stainless steels for the data sets used in this study and existing correlations
Study Material Hardness YS temperature Correlation factor Correlation factor R
temperature (°C) (°C) (MPa/kg/mm?)?* uncertainty (MPa/kg/mm?)*
Tabor® Various - - 3.29 -
Higgy and Hammad 304 25 25 3.76 0.21 0.99
316 25 25 343 0.28 0.98
347 25 25 3.55 0.49 0.96
All 25 25 3.65 0.20 0.96
Kodama 304 25 288 3.06 2.78 0.99
316 25 288 2.64 0.38 0.96
347 25 288 2.63 3.05 0.95
All 25 288 2.68 0.38 0.58
Fukuya 304 25 288 3.83 0.31 0.99
316 25 288 3.58 0.78 0.96
347 25 288 3.79 1.70 0.98
All 25 288 3.67 0.57 0.58
Furutani 316 25 288 3.67 12.4 0.95
Allen 316 25 25 3.11 1.18 0.98
Toloczko 316 25 25 2.84 0.40 0.98
Bruemmer 316 25 25 3.01 0.67 0.98
All data 316/304/347 25 25, 288 3.03 0.18 0.88

& All correlation factors were converted to equivalent units.
® Theoretical study.
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is that the correlation factors (and their associated error
bars) for all the different studies overlap.

The change in yield stress from the measurements of
all authors is plotted as a function of change in hardness
in Fig. 4. Combined, the data covers a larger range of
hardness and yield stress than any individual data set.
Given the good agreement of correlation factors be-
tween the different studies, a single line was fit to the
combined set using a least squares fit with the condition
that the line passes through the origin. This line is also
shown in Fig. 4. The resulting correlation between yield
stress and hardness was determined to be

Ao, = 3.03AH,, (10)

where Aoy is expressed in MPa and AH, is expressed in
kg/mm?, with an R?> of 0.88. The standard deviation
calculated for this correlation factor is 0.18 MPa/kg/
mm?>, smaller than the standard deviation for any of
the individual sets listed in Table 1 (due to the greater
number of data points). The 95% confidence bounds
were also determined using standard least squares tech-
niques [17,18] and are shown in Fig. 4. The metho-
dology for determining the standard deviation of the
correlation factor and the 95% confidence bounds is
highlighted in Appendix A. The confidence bounds
shown in Fig. 4 define the region with a 95% probability
of containing the true hardness—yield stress relation (but
not necessarily the individual data points). That is, if the
experiments were repeated, 95% of the correlations
developed will lie within the confidence bounds. Note
that the temperature dependence for change in hardness
and yield stress measurements was assumed to be negli-
gible. This assumption will be addressed in a following
section.

1000 e e T
r ’
Ac,=3.03 AH, (R*=0.88) i
,C-“\ L ’
£ 800 i o ]
% :" 95% confidence o
b‘* g bounds ]
<
%23
> 304 316 347
R=! Higey (1 W H |
g’n Kodama O @ Q0O
% Fukuya V. W [ |1
= Furutani
© Allen | 4}
Toloczko *
L Bruemmer A
(o)) YN BN

il b e by i by b by
0 50 100 150 200 250 300 350 400
Change in Hardness, AH (kg/mm?)
Fig. 4. All available experimental data plotted as a change in
yield stress as a function of change in hardness for austenitic

stainless steels. The hardness—yield stress correlation is also
plotted along with 95% confidence bounds.

The correlation factor determined from the combined
data set is compared to the existing correlations in Table
1 and Fig. 3. As this result is based upon the entire data
set, it is not surprising that it lies in the middle of the
previously reported values. Since the least squares fit
was forced through the origin, it follows that the best
fit for the combined data set must be an average of the
fits for the individual data sets (weighted by the number
of data in each individual set). While the fit to the entire
data set is quite good (as evidenced by R>=0.88 and
o =0.18MPa/kg/mm?), other factors should be
evaluated.

3.3. Composition and temperature dependence

Higgy and Hammad found that the correlation fac-
tors for 304, 316, and 347 were slightly different. How-
ever, as illustrated by the data in Fig. 4 and Table 1,
no systematic difference exists between 304, 316, and
347 stainless steels. Indeed, the correlation factors and
associated standard deviations for 304, 316, and 347
are similar, as shown in Table 1. The different alloy ser-
ies examined by Kodama and Fukuya do show a larger
variation than that by Higgy and Hammad. However, it
is again important to note that the data from Kodama
represent a single specimen, as opposed to the multiple
samples tested by Higgy and Hammad. Further, the
304, 316, and 347 series by Kodama and Fukuya are
composed of 39 different heats. These two factors may
explain the larger scatter between alloys.

The temperature dependence of the change in yield
strength was assumed to be negligible. Hardness and
yield stress decrease with increasing temperature. How-
ever, the change in hardness or yield stress is unchanged
with test temperature. Bruemmer et al. [14], demon-
strated this to be true for hardness measurements on
commercial purity 304 and 316 samples tested over a
range of temperatures (room temperature up to
288°C). Nunes and Larson [19] verified experimentally
and theoretically that the correlation between hardness
and yield stress is unchanged over a range of test temper-
atures (—196°C to 200°C) for a variety of metals
(including mild steels, iron, copper, aluminum, and tita-
nium). Therefore, the correlations shown in Fig. 3 and
Table 1 should be valid, irrespective of the temperatures
used for hardness and yield stress measurement.

3.4. Work-softening under irradiation

The influence of irradiation on work hardening under
irradiation must also be considered. As shown by Byun
et al. [20], the work-hardening exponent for 316 stainless
steel decreased steadily with irradiation dose from the
unirradiated value of 0.4 to a value of 0.1 by about
4dpa. Such a change may also influence a hardness—
yield stress correlation.
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While yield stresses are measured at approximately
0.2% strain, hardness measurements represent material
properties at much higher strains (8% as estimated by
Tabor [5] up to 18% as modeled by Larsson [8]). Since
the hardness measurements are taken at significant plas-
tic strain, strain hardening effects must be considered.
For a strain hardening exponent (n) greater than 0,
and following irradiation where n changes, the correla-
tion factor between yield strength and hardness (e.g.
Eq. (10)) will also change. Following irradiation to a
low dose (¢;), there is an increase from the unirradiated
condition for both yield stress (Aoy;) and stress calcu-
lated from hardness (AH;). Irradiation to a higher dose
(¢2), results in a yield stress, oy, that is Agy, greater than
oyi, and a hardness H, that is AH, greater than H,,
along with a corresponding decrease in n. For the case
where Agy; = Aoy, AH> must be less than AH, due to
the decrease in the strain hardening coefficient with dose.
The ratio, Ac,/Acy is directly related to the correlation
factor, and in this case, Agyi/AH, is less than Acgy,/
AH,. Thus, as irradiation dose increases, the correlation
factor between Agy and AH, also increases.

Examination of the data in Fig. 3 suggests that such
an effect may be important. In Fig. 5, the data set is sep-
arated into low hardening/dose (<100kg/mm?) and high
hardening/dose (>100kg/mm?) regimes and a correla-
tion found for each subset. The break-point was chosen
at 100kg/mm? as this is the hardness level that corre-
sponds to the dose where the most significant change
in work hardening was observed by Byun et al. [20]
(~3dpa). For this two-part correlation, hardness and
yield stress can be related as

Aoy = 3.63AH, for AH, < 100kg/mm?, (11a)
1000'"""""""“"""""‘J‘ T
[ Ac,= 3.63 AH, for AH, < 100 kg/mm? i
LY .
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Fig. 5. Two-part correlation between change in hardness and
change in yield stress for all available experimental data. The
hardness—yield stress correlation is also plotted along with 95%
confidence bounds.

Aoy = 2.13AH, + 155 for AH, > 100kg/mm?*. (11b)

The two-part correlation is plotted in Fig. 5, along
with the 95% confidence bounds. The standard deviation
of the correlation factors for the first and second portion
of the correlation are 0.25 and 0.34, respectively, while
the standard deviation calculated for the y-intercept in
Eq. (11a) is 59 MPa. For Eq. (11b), the correlation fac-
tor of 3.63 (R*>=0.92) and associated standard devia-
tions closely match that from Higgy and Hammad,
which is expected as the bulk of the data below 100
kg/mm? is from that study. The correlation factor for the
second portion of the correlation is considerably lower
at 2.13, inconsistent with the expected work-softening
effect as described above. Further, the R* for this por-
tion of the correlation is only 0.41, while the uncertainty
has increased to 0.34, indicating that the entire data set is
better fit with a single linear fit. While work-softening
may indeed be an important effect in understanding
the relationship between microhardness measurements
and yield stress in irradiated austenitic alloys more anal-
ysis is needed. Further, the current data set can be mod-
eled more accurately without accounting for such effects.

3.5. Summary for austenitic alloys

The data points from seven individual studies have
been combined in this study in order to formulate a cor-
relation between change in measured hardness and
change in measured yield stress for irradiated austenitic
stainless steels. The combined data set spans a wider
range of hardness, yield stress, alloy, irradiation and test
conditions than any individual data set. Further, the
correlation factors for data from the separate studies
are similar and lie within 26 of each other, as shown
in Fig. 4. A correlation, independent of material compo-
sition or test temperature was found. The resulting cor-
relation between change in yield stress and change in
hardness, independent of alloy composition or tempera-
ture, was determined to be

Aoy = 3.03AH,,

where Agy is expressed in MPa and Ah, is expressed in
kg/mm?>.

The measured yield stress for each of the data points
in this study are compared as a function of irradiation
dose in Fig. 6(a) to an extensive set of yield stress mea-
surements for irradiated austenitic stainless steels avail-
able in the open literature [21-26]. Plotted in Fig. 6(b)
are the yield stresses calculated from hardness measure-
ments using the correlation developed in this study. The
calculated yield stress values from microhardness mea-
surements used in this study are in good agreement with
the measured yield stress values (from the same alloy/
dose condition) for the data used in this study and that
from the open literature.
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Fig. 6. (a) Comparison of measured yield stress from data used
in this study and other data available in the open literature [21—
26]. (b) Comparison of yield stress calculated from hardness
data used in this study and other yield stress measurements
available in the open literature.

4. Ferritic steels

The mechanical properties of ferritic steels used as
reactor pressure vessels are also of great interest. Six sets
of data [27-32] were identified in the open literature
describing both the Vickers hardness and the yield
strength of hardened ferritic steels. Each of these data-
sets will be presented by describing the materials in-
cluded in the study, the measured physical properties,
and the method by which these properties were deter-
mined. The data sets are combined and a single correla-
tion between hardness and yield stress is developed
following the same methodology used for the austenitic
steels.

4.1. Existing correlations and data

A particularly extensive tabulation of yield stress and
hardness for ferritic steels is given in the ASM Hand-
book, volume 8, Mechanical Testing and Evaluation
[27]. The ASM Handbook presents data from a set of
carbon and low alloy steels in annealed, normalized,
and quenched and tempered states. Hardness was mea-
sured at room temperature with a 1.0kg load. The com-

plete data set covers a range in increase of hardness up
to 560 kg/mm?. However, for the purposes of this study,
only data up to an increase in hardness of 100kg/mm?>
will be used as hardness increases in neutron-irradiated
ferritic steels are typically less than this value. Therefore,
to provide a correlation that is most relevant to RPV
steels, the ASM dataset will be limited to a change in
hardness of less than 100 kg/mm?. The data set is shown
in Fig. 7(a) and exhibits a highly linear fit with an R? of
0.99. A correlation factor of 3.12 was calculated for this
set with a standard deviation of 0.06 MPa/kg/mm? (see
Table 2).

Mancuso et al. [28] studied the correlations between
microhardness, tensile properties, and notch ductility
of ferritic steels irradiated with neutrons to various
doses at 288°C. The ferritic alloys had small differences
in bulk Cu content (0.23-0.28 wt%). The hardness and
yield strength measurements are illustrated in Fig. 7(b)
and the correlation factor and standard deviations are
listed in Table 2.

A third such comparison can be found in a publica-
tion by Lucas et al. [29]. In this study the hardness/yield
strength relationship was considered for lightly irradi-
ated materials (pure metals, pressure vessel steels, high
alloy steels). Fig. 7(c) represents the data provided com-
paring the change in Vickers hardness and yield
strength. The scatter in the Lucas data is greater than
that shown for the ASM compilation and that of Man-
cuso, with an R> of only 0.77, although the standard
deviation of the correlation factor for the Lucas data
is smaller than that for Mancuso, likely due to the great-
er number of data points.

Gorynin et al. [30] measured Vickers hardness and
yield strength data in neutron-irradiated reactor pres-
sure vessel steels. The samples were irradiated at
250°C to 3 x 10 n/m? and are well represented by a lin-
ear fit (correlation factor of 2.87 and R> of 0.95) The
resulting data are shown in Fig. 7(d).

Work by Jones et al. [31] on a neutron-irradiated
(240°C for 100 days in Halden reactor) steel showed a
change of Vickers hardness of 15.40 kg/mm? correspond-
ing to a change in yield strength of 12.50MPa. This
study only included the one set of hardness and yield
strength data. Finally, Suzuki et al. [32] measured the
relationship between Vickers hardness and yield strength
for pure iron and low alloy steels irradiated at 260—
275°C. Suzuki reports only two data points. The Jones
and Suzuki data are plotted together in Fig. 7(e) and
are included in the final assessment.

4.2. Development of a correlation between hardness
and yield stress for ferritic steels

The data for the ferritic steels are summarized in
Table 2 and Fig. 8. All of the data described above have
been combined into a single plot; Fig. 9. The correlation
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Table 2

Comparison of correlation factors for ferritic steels for the individual data sets of this study

Study Material Hardness YS temperature  Correlation factor  Correlation factor R?

temperature (°C)  (°C) (MPa/kg/mm?)* uncertainty (MPa/kg/mm?)*

ASMP Carbon and 25 25 3.12 0.06 0.99
low alloy steels

Mancuso  RPV Steels 25 25 4.28 0.86 0.94

Lucas RPV Steels 25 25 3.20 0.43 0.77

Gorynin RPV Steels 25 25 2.87 0.61 0.95

All data - 25 25 3.06 0.15 0.90

& All correlation factors were converted to equivalent units.

® Only data for AH, <100kg/mm? used in formulation of correlation.
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stainless steels. The hardness-yield stress correlation is also
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factors for the ferritic steels are in good agreement, with
each factor lying within the 2o bars of the factors of the
other studies. As with the austenitic alloys, a linear fit
was applied to the combined data set. The combined
data set spans a wider range of hardness, yield stresses,
allloys, irradiation, and test conditions than any individ-
ual data set and the data from the separate studies. The

resulting correlation between change in yield stress and
change in hardness was determined to be

Ao, = 3.06AH,, (12)

where Agy is expressed in MPa and AH, is expressed in
kg/mm?. For this correlation, the R*> was found to be
0.90 and the standard deviation of the correlation fac-
tor is 0.15. As illustrated in Fig. 8, the correlation fac-
tors for three of the four data sets lie within the 2¢
boundary.

5. Comparison of correlations for austenitic and ferritic
steels

It is also informative to compare the correlations
determined for the austenitic and ferritic steels. The cor-
relation factors for the austenitic and ferritic steels were
virtually the same at 3.03 and 3.06 MPa/kg/mm?, respec-
tively. That the results for the two alloy systems are so
similar is somewhat surprising given the distinct differ-
ences in crystal structure, material properties, and typi-
cal operating conditions. However, Tabor’s original
theoretical derivation predicted a correlation factor of
3.33MPa/kg/mm?>, independent of alloy type or struc-
ture. This is also supported by Tabor’s own experimen-
tal results [5] where he found that the correlation factors
for mild steel and annealed copper were very similar
(3.44 and 3.33, respectively), consistent with the results
of this study.

6. Conclusions

The relationship between yield stress and hardness
measurements has been examined for both irradiated
austenitic and ferritic steels and a correlation for each al-
loy system has been developed. For irradiated austenitic
stainless steels, the data from seven separate studies have
been merged. The combined data set covers 304, 316,
and 347 stainless steels irradiated with neutrons (to var-
ious doses at various temperatures) or cold worked to
different levels. The data from the separate studies are
in excellent agreement with each other and a correlation,
independent of material composition or test temperature
was found. The resulting correlation between change in
yield stress and change in hardness was determined to be

Ao, = 3.03AH,,

where Agy is expressed in MPa and AH, is expressed in
kg/mm?>.

For ferritic steels, data from six separate studies have
been combined and a correlation between hardness and
yield stress has been calculated. As with the austenitic
alloys, the data from the separate studies are in excellent
agreement with each other. The resulting correlation
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between change in yield stress and change in hardness
for ferritic steels was determined to be

Aoy = 3.06AH,,

where Ag, is expressed in MPa and AH, is expressed in
kg/mm?.
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Appendix A. Statistical methods

For each set of data, a correlation factor was calcu-
lated using least squares techniques. A standard devia-
tion was also calculated for each correlation factor,
along with 95% confidence bounds. The methodology
for those calculations is presented below.

There are numerous ways to fit a straight line of the
form y = mx + b to a set of data. It is assumed that x is
the independent variable and y is dependent. In the least-
squares method, it is assumed that all scatter in the data
points is due to errors in measuring y and that the best
straight line is that which minimizes the sum of the squares

of the errors, sﬁ, in the y-direction. More specifically,

Sl (A1)

2 _
S,V =

where 7 is the number of data points and x; and y; are
the individual data pairs. When sf is minimized, m and
b have been optimized and represent the best-fit line to
the data. With information on sﬁ, the sample variance
for b and m can also be determined using propagation
of error techniques [17,18].

The uncertainty of the slope of the best-fit line can be
calculated using the relation:

2

ns
S:Zn = dyv (A.2)

where n is again the number of data points and d is

d:anz— <Zx)2. (A.3)

While most of the correlations developed in this pa-
per used a line forced through the origin (b =0), the
two-part correlation between hardness and yield stress
also used an intercept. The uncertainty of the intercept
of the line can be also be determined using

2%, 2
PR >x

b d ?

where d is calculated using Eq. (A.3).

(A4)

The confidence bounds can be formulated using the
Student’s z-test approach. To perform the z-test, a level
of significance, o, is chosen (for this study o = 0.05 for
a confidence bound of 95%). With this and the number
of degrees of freedom (here, this is n — 2 as the data
has been used to calculate m and b) we can obtain a crit-
ical ¢ value, f.., by solving

(0.5—a/2) = / " w)dr, (A.5)

where #(x) is the student’s 7-point distribution function.
The results of this integration are readily available in
t-test tables. Using the degrees of freedom and the level
of significance, 7. can be determined. For example, for
the austenitic steels, 133 data points were used. For
o =0.05 and n—2 =131, ¢, is 1.665.

Now, the confidence bounds are

y=mx+ b= tys;, (A.6)
where s; is the variance evaluated at x, or,

sﬁ =s2x? + 57, (A7)
where s? and s? are determined from Egs. (A.2) and

(A.4), respectively. Combining Egs. (A.6) and (A.7),
the confidence bounds are

P =mx+ bkt /52X + 52 (A.8)

The plot of these equations is the contour curve
shown, for example, in Fig. 4. These confidence bounds
do not necessarily contain 95% of the individual data
points. Rather, they define the region with a 95% prob-
ability of containing the true hardness—yield stress rela-
tion. That is, if the experiments were repeated, 95% of
the correlations developed will lie within the confidence
bounds.
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