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Interactions between dislocations and interstitial impurity atoms lead to strain aging phenomenon in fer-
ritic steels that are affected by the defects produced during neutron radiation exposure. We present here
results on static strain aging in a silicon-killed mild steel before and after neutron irradiation. It is noted
that the degree of strain aging (as measured by the yield point following restraining) decreased with
increasing neutron dose resulting in essentially non-aging type at the highest dose (�1019 n/cm2). The
strain aging kinetics were investigated using data at various aging temperatures and were found to be
unaffected by the neutron radiation exposure. These experimental results are compared to those
observed in dry hydrogen treated (partially denitrided) samples and are correlated with models on Cott-
rell locking.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Strain aging is a type of mechanical behavior that is intimately
associated with the well-known yield point phenomenon, ob-
served especially in low carbon steels (ferritic steels). It refers to
the increase in strength with concomitant reduction in ductility
on heating to a relatively low temperature after cold working. This
behavior is schematically illustrated in Fig. 1(a) [1]. Region A
shows the stress–strain curve going through the usual yield point
phenomenon to a plastically deformed state X. Then the specimen
is unloaded and retested without any time delay or heat treatment.
Upon reloading, no further yield point appears in the XY section
(Region B) as the dislocations have already been torn away from
the interstitial impurity atmospheres during the yield point phe-
nomenon and Luder’s strain. After the specimen is unloaded from
Y and reloaded only after aging for several days at room tempera-
ture or several hours at around 148 �C, not only the yield point
reappears but also the strength level is increased (Region C) and
small Luder’s band propagation is noted. The return of yield point
is attributed to the diffusion of carbon and nitrogen (interstitial)
atoms to the dislocations during the aging to lock them again by
forming solute atmospheres [1,2]. The interstitial atoms are potent
agents for causing strain aging effects because of their high diffu-
sivity in body-centered cubic (bcc) crystal structure and their high
interaction energies with dislocations [3]. This particular phenom-
enon is known as static strain aging (SSA) to differentiate it from
another strain aging phenomenon known as dynamic strain aging
(DSA). DSA is mainly observed during tensile straining due to the
periodic locking and unlocking of dislocations by impurity atmo-
ll rights reserved.

: +1 919 515 5115.
spheres. This has been adequately discussed in prior publications
[4,5].

In Fig. 1(a) the increase in the stress during reloading (Dr) is ta-
ken as the strain aging index and stronger the locking of the dislo-
cations, higher the stress increment. This stress increment can be
related to the concentration of interstitial impurity atoms that mi-
grated to the dislocations. Another way to determine SSA charac-
teristics is through unloading during Luder’s strain and reloading,
and evaluating the stress increment during initial Luder’s band
propagation as noted in Fig. 1(b). Following Hall and coworkers
[6,7], the aging parameter (f) is defined by

f ¼ r00 � ro

ro
¼ Dr

ro
; ð1Þ

where ro is the lower yield stress at room temperature and r00 the
upper yield stress after aging and restraining at room temperature
during Luder’s band propagation. This method thus involves propa-
gation of Luder’s band, strain aging under zero load and room tem-
perature unlocking of Luder’s band. The main advantage of this
method is that a limited number of samples are enough to obtain
an adequate amount of data on the temperature and aging time
dependences of the strain aging index f, thus minimizing speci-
men-to-specimen scatter.

When materials are exposed to intense neutron radiation, a
large number of radiation-produced defects (vacancies, self-inter-
stitials, dislocations and dislocation loops) are generated. Hall
and others [2,8–10] have clearly demonstrated that the interstitial
impurities combine with the radiation-produced defects (vacan-
cies and interstitials) to form complexes, which may contribute
partly to the total strengthening. At the same time, it has been
noted that the net concentration of interstitial impurity atoms in
solution decreases as a result of these interaction effects, and thus
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Fig. 1b. Alternate method [6,7] for evaluating SSA kinetics.

Table 1
Nitrogen concentration vs. annealing time

Series Time, s (min) (at 675 �C) Nitrogen (at%)

0 0 0.0160
1 4500 (75) 0.0960
2 8400 (140) 0.0044
3 10,800 (180) 0.0020
4 18,000 (300) 0.0014

Fig. 1a. Schematic stress–strain curves illustrating strain aging effects [1].
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may make a steel fully non-aging if irradiated to sufficiently high
neutron doses [9]. These affect the mechanical properties such as
radiation hardening and embrittlement. Now the question arises
as to how these interactions may be influenced while strain aging
is simultaneously operating. The synergistic effects between DSA
and radiation-produced defects have already been discussed
elsewhere [4,5]. In this paper, we report how the SSA behavior
responds to neutron radiation exposure. In slowly cooled and
annealed mild steel, the majority of carbon precipitates as cement-
ite while nitrogen becomes the dominant interstitial species
responsible for strain aging [6]. Thus we studied the effect of
partial denitriding on SSA kinetics and compare them to that of
radiation exposure.

2. Experimental

Mild steel wires of 1 mm diameter and 38.5 mm gauge
length were used as specimens in this study. The composition of
the silicon-killed mild steel was Fe–0.05C–0.004N–0.012O–
0.002Al–0.032Ni–0.39Ni–0.39Mn–0.012S–0.041Cr–0.09Cu–0.003Sn–
<0.001Si (wt%). The specimens were annealed in vacuum at
different temperatures for different times in order to obtain vari-
ous grain sizes in the range from 27 to 53 lm.

The vacuum annealed samples were irradiated in the high-
isotope flux Australian reactor (HIFAR) at Lucas height. Various
neutron doses were obtained by placing the specimens at different
locations from the fuel plates with different neutron fluxes. Corre-
sponding neutron fluxes were calculated from the c-activity of 46Ti
wire monitors placed along with the specimens. However, the irra-
diation time was kept constant in all the cases. Thus, a number of
fluences were obtained: 3.9 � 1016, 2.8 � 1017, 2.0 � 1018 and
1.4 � 1019 n/cm2 (energy > 1 MeV). Irradiation temperature was
approximately 80 �C. All the irradiated specimens were stored in
lead coffins until the c-activity became minimal and considered
safe for handling before tensile testing.

Partial denitriding of samples was achieved by annealing some
specimens at 675 �C in a furnace with a dry hydrogen gas atmo-
sphere followed by vacuum annealing at 500 �C for homogeniza-
tion and to maintain a constant grain size. In all cases, specimens
were furnace cooled so that no other aging effects (such as quench
aging) can influence the mechanical behavior. Different levels of
nitrogen were thus obtained. Table 1 summarizes the nitrogen
concentration levels in the steel after the denitriding operation
determined by chemical means and thus they represent the total
nitrogen concentration comprising that in solution and the nitride
precipitates.

All tensile tests were performed on a ‘hard’ tensile machine as
proposed and designed by Adams [11] with relatively high ma-
chine modulus so that yield points during plastic deformation
can be distinctly observed. The majority of the tensile tests were
carried out at a cross-head speed of 5.2 � 10�3 mm s�1, which
was equivalent to nominal strain rate of 1.35 � 10�4 s�1. The de-
sired temperature during testing was maintained within ±1 �C
keeping the test specimen and assembly in an electrically heated
oil or salt bath. SSA was carried out using the method illustrated
by Eq. (1) on mild steel wires following vacuum annealing, dry
hydrogen treatment (partial denitriding) and neutron radiation
exposure to varied fluences.

3. Results and discussion

3.1. Radiation hardening

Before we discuss the SSA effects, it is important to briefly dis-
cuss the radiation hardening. Stress–strain curves are shown in
Fig. 2 for the irradiated mild samples (average grain size of
27 lm) tested at 22 �C. The stress–strain curve for an unirradiated
specimen is also shown to illustrate the effect of neutron radiation
exposure. The strength of the material increased as a function of
neutron fluence accompanied with reduced elongation to fracture.
We note that Luder’s strain increased with radiation fluence while
rounded yield is noted at the highest fluence (1.4 � 1019 n/cm2). It
turns out that at this fluence level, the sample failed during Luder’s
propagation itself.

Radiation hardening as noted by the increase in the lower yield
stress, is observed to follow a power law dependence on neutron
fluence, with the best fit obtained for a power of one-third
(Fig. 3). It should be mentioned here that the experimental data
fit one-third law better than square root dependence [4,5,12].
Luder’s strain also followed the same dependence, as expected,
since Luder’s elongation in mild steel is known to be proportional



Fig. 2. Stress–strain curves for the mild steel specimens (average grain size 27 lm)
at ambient.

Fig. 3. Strength increment as a function of neutron fluence for mild steel for
different grain sizes.
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to the yield strength. It is interesting to note that both vacuum an-
nealed and denitrided samples follow the same fluence
dependence:

ri
LY � ru

LY ¼ Að/tÞ1=3
; ð2Þ

where ri
LY and ru

LY are the lower yield stresses under irradiated and
unirradiated conditions, /t is the neutron fluence (where / is the
neutron flux and t the radiation exposure time) and A is a constant.
Table 2 summarizes the constant A for each grain size. The A values
decrease with increasing grain size, implying that the extent of the
radiation hardening becomes less in materials with coarser grain
size. In other words, the coarser grained materials are more resis-
tant to radiation damage; alternately finer grain sized materials
are relatively more sensitive to radiation exposure. Since the initial
dislocation density is inversely dependent on the grain size, it is
Table 2
Values of the constant ‘A’ (Eq. (2)) as a function of grain size in mild steel

Grain size (lm) A (kg f/mm2) (neutrons cm�2)�1/3

27 10.15 � 10�6

38 9.35 � 10�6

53 8.30 � 10�6
possible that the starting dislocation density might have an effect
on radiation sensitivity. However, dislocation densities were not
measured in this work. Similarly, it can be noted that the denitrided
mild steel (with an average grain size of 44 lm) is more sensitive to
radiation exposure.

It is known that radiation-produced defects result in increased
hardening which is expected to follow the square root dependence
of the neutron fluence assuming that the concentration of radia-
tion-produced defects is proportional to the fluence:

DrLY ¼ rirr
LY � ro

LY ¼ a1Gb
ffiffiffiffi
q
p þ a2Gb

ffiffiffiffiffiffiffiffiffi
2NR
p

¼ aGb
ffiffiffiffiffiffi
/t

p
; ð3Þ

where the subscript LY stands for lower yield stress, superscript ‘o’
represents unirradiated sample, G is the shear modulus, b is the Bur-
gers vector, q is the dislocation density (cm�2), N is the volume frac-
tion of defects of radius R, a1 and a2 depend on the obstacle strength
varying from 0 to 1, and a is a constant between 0.1 and 1. As shown
earlier [12] the reduced sensitivity (one-third vs. one-half) to radi-
ation can be rationalized through consideration of the two compo-
nents, friction hardening and source hardening comprising the yield
strength. While the friction stress follows the square root depen-
dence, the source hardening decreases with neutron radiation due
to the reduced interstitial atoms in solution.

3.2. Static strain aging

Fig. 4 includes typical unloading–loading tests on a single spec-
imen to evaluate the strain aging index, f as defined in Eq. (1),
while Fig. 5 shows the SSA index as a function of aging time for a
vacuum annealed sample (grain size 27 lm) for several aging tem-
peratures. The SSA index f indicates the extent of locking involved
and is generally proportional to the number of interstitial atoms
(Nt) removed from the original number (No) after time t. According
to the Cottrell–Bilby model [13], Nt1 t2/3. Similarly, Bullough and
Newman [14] and Ham [15] found a similar relationship at small t.
On the other hand, Suzuki and Tomono [16] as well as McLennan
and Hall [9] found that the aging time can be divided into two sep-
arate parts: for shorter times Nt 1 t1.5, and at the longer times
Nt1 t0.5. However, in the present study the data are too scattered
for this type of relationship to be validated. All the experimental
results are, however, better represented by a sigmoidal relation-
ship given by
Fig. 4. An example of experimental method used in SSA studies (neutron dose
2.8 � 1017 n/cm2, aging temperature 120 �C).



Fig. 5. SSA index vs. aging time for vacuum annealed samples at varied aging temperatures.

Fig. 6a. Effect of aging time on the SSA index for various aging temperatures in irradiated mild steel samples (neutron fluence, 2.8 � 1017 n/cm2).

Fig. 6b. SSA index vs. aging time for a dry hydrogen treated (75 min at 675 �C) mild
steel at various aging temperatures.
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f ¼ 1� exp �ðt=sÞn
� �

; ð4Þ

where s is a constant dependent on temperature [2].
The effect of neutron irradiation on the SSA index (f) is apparent

from Fig. 6(a). The samples were irradiated to a neutron fluence of
2.8 � 1017 n/cm2. The data of f vs. aging time (min) are plotted for
three different aging temperatures. It is shown that a higher tem-
perature or aging time is needed to obtain the same f, i.e., the same
degree of locking of interstitial atoms. Further, the data trend is
similar to what was obtained for the vacuum annealed material
(Fig. 5) with only one notable exception that rather longer aging
times are required to obtain a similar f value. Quite similar effect
was also noted for dry hydrogen treated mild steel specimens
(Fig. 6(b)).

Fig. 7(a) shows the f index as a function of aging time for mild
steel samples irradiated with three different fluences at a constant
testing temperature of 90 �C. For irradiated steels, the extent of
aging progressively decreases. It is important to note that the aging
index becomes almost zero (i.e., the steel becomes essentially non-
aging) irrespective of the aging time when the material was irradi-
ated to a neutron fluence of 2.0 � 1018 n/cm2. Interestingly, similar
behavior is observed in dry hydrogen treated specimens also.
Fig. 7(b) shows aging index as a function of aging time for speci-
mens treated for different times at a temperature of 90 �C. It is
noted that a longer dry hydrogen treatment makes the steel pro-
gressively less aging, and when the steel is further treated in dry
hydrogen for about 3 h, it became essentially non-aging.

The data generated from the SSA studies confirm that it is a ther-
mally activated process. Fig. 8 shows an Arrhenius plot (aging time
vs. inverse temperature) for various conditions (vacuum annealed,



Fig. 8. Aging time vs. inverse temperature (Arrhenius plot) for different materials
(f = 0.07).

Fig. 9a. Nitrogen concentration against hydrogen treatment time at 675 �C.

Fig. 7. The effect of (a) irradiation and (b) partial denitriding on SSA at 90 �C.
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irradiated and partially denitrided) of mild steel with a grain size of
27 lm for a particular value of SSA index (i.e., f = 0.07). Interest-
ingly, the slope of these fitted lines is roughly the same. Thus, the
activation energy of the process is evaluated to be 23.8 ± 3.2 kcal/
mol which is in agreement with the values obtained in previous
studies [6,7,9]. However, this value is greater than the activation
energy of nitrogen or carbon atom diffusion in a-iron by about
5 kcal/mol. Similar results were obtained in the materials with
other grain sizes. The discrepancy in the values has been attributed
to the binding energy of nitrogen to manganese.

3.3. Effect of neutron fluence on nitrogen concentration

It has been postulated that upon neutron irradiation most inter-
stitial impurities tend to form complexes with the radiation-pro-
duced defects, thus decreasing their net concentration in
solution. But those impurity atoms in solution are important for
locking up the mobile dislocations manifesting strain aging effects.
It is generally considered to be exceedingly difficult to measure the
interstitial impurity concentration in solution with confidence;
McLennan and Hall [9] and Little and Harries [17] have used inter-
nal friction experiments that clearly indicated reduced concentra-
tion of interstitial impurities following radiation exposure.

It is clear from Table 1 that dry hydrogen treatment reduces the
amount of nitrogen present in solution, and thus may simulate the
effect of neutron irradiation on the nitrogen concentration. To ana-
lyze the situation for irradiated mild steel, we use the data in Fig. 8
to provide information about the equivalent aging time for an f
value of 0.07 at an aging temperature of 80 �C (represented by
the straight vertical line intersecting most of the parallel straight
lines). In Fig. 8, the hydrogen treatment times are 45, 75 and
85 min while the nitrogen concentrations are known only for dry
hydrogen treatments for 75 min and longer times (Table 1). How-
ever, the remaining 45 min (2.7 ks) and 85 min (5.1 ks) treatment
data can be interpolated from the information given in Table 1
and Fig. 9. Now with the interpolated nitrogen concentration data
and the data obtained for the hydrogen treated mild steel (from
Fig. 8) we plot the nitrogen atom concentration vs. aging time in



Fig. 9b. Nitrogen concentration as a function of aging time (f = 0.07 and
Tage = 80 �C).

Fig. 10. The estimated nitrogen concentration as a function of neutron fluence in
irradiated mild steel.
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Fig. 9(b). The equivalent aging times for the irradiated steel from
Fig. 8 are: 6.4 ks for a fluence of 3.9 � 1016 n/cm2, and 53.3 ks for
a fluence of 2.8 � 1017 n/cm2. Their equivalent nitrogen concentra-
tions are inter/extrapolated in Fig. 9(b). Therefore, now we have
the data on the equivalent nitrogen atom concentration in solution
for the irradiated mild steels as well.

Fig. 10 shows the results thus obtained along with the nitrogen
concentration data of vacuum annealed sample; dashed line is an
extrapolation of the solid curve. It is interesting to observe that
the curve follows a trend in such a way that at a fluence of
�2 � 1018 n/cm2, the equivalent nitrogen concentration becomes
nil. As stated previously, the mild steel becomes essentially non-
aging under similar neutron fluence. Although the nitrogen con-
centration data used are rather average total concentrations, not
exactly the concentration in solution, it does give a reasonable esti-
mation of the trend and is consistent with the hypothesis that the
effective nitrogen concentration in irradiated mild steel goes down.
It will be useful to obtain data using other techniques such as inter-
nal friction, thermoelectric power (Seebeck coefficient), electrical
resistivity, etc. on irradiated steel for a quantitative correlation to
the current extrapolated results.

4. Conclusions

The effects of neutron irradiation and dry hydrogen treatment
on the yield point phenomena in mild steel were investigated.
SSA studies revealed a complex time dependence of the SSA index
(f). The effect of neutron irradiation was found to decrease the ef-
fect of aging and at high fluences, a non-aging steel was obtained.
Importantly, the mechanism of strain aging is not affected by neu-
tron irradiation (and dry hydrogen treatment). With the data avail-
able, it is convincingly shown that the neutron irradiation actually
causes the nitrogen concentration to decrease in solution, making
them less susceptible to the strain aging effects.
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