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Abstract

Ž .In weakly killed C–Mn steels, the dynamic strain aging DSA phenomenon induces an increase in the ultimate tensile
strength associated with a ductility loss, usually measured in the 100–2008C temperature range. This phenomenon, which

Ž .induces large toughness reductions, is not well characterized in the heat affected zones HAZ of the welds, since the
sensitivity to DSA cannot be directly determined due to the very abrupt microstructure gradients existing in these zones. In
order to study the influence of microstructure on DSA, tensile tests were performed on simulated HAZ, resulting from
various quenching conditions of C–Mn steels. These results are interpreted through correlations with internal friction results
on the same microstructures. It is concluded that the materials which have been submitted to the more severe quenching
conditions appear to be less sensitive to DSA. This trend is attributed to the larger density of dislocations which can trap
most of the interstitial atoms in these microstructures. Whatever the microstructure, the intensity of DSA, characterized by
the ductility loss, is proportional to the Snoek peak height measured by internal friction. This result allows the evaluation of
the sensitivity of C–Mn steels to DSA from a unique internal friction test. q 1998 Elsevier Science B.V.

1. Introduction

Carbon–manganese steels, in the form of pipes, plates
and forgings, and associated welds are commonly used for

Žpressurized water reactors secondary systems feedwater
.line and steam line . Nevertheless, if they are insufficiently

killed, these steels are well known to be sensitive to
Ž .dynamic strain aging DSA . This phenomenon, which is

observed in metals containing solute atoms interacting
w xwith dislocations 1–3 , induces an increase in flow stress,

ultimate tensile strengh and work hardening coefficient, as
Žwell as a decrease in ductility elongation, reduction of

.area and fracture toughness . Dynamic strain aging pro-
duces various types of inhomogeneous deformations la-

Ž . w xbelled as Portevin-le-Chatelier effect PLC 4 , observed
in a temperature range which is clearly dependent on the
mobility of the solute atoms, relative to the imposed

w xdislocation velocity 5–10 .

) Corresponding author. Fax: q33-1 41 13 14 30.

w xIn C–Mn steels, it is well established 1 that the
diffusing species are interstitial carbon and nitrogen atoms.

w xMoreover, according to its greater solubility limit 11,12 ,
nitrogen content seems to exert a more pronounced influ-
ence on strain aging than carbon content does. Depending
on the diffusion coefficients, the chemical composition of
the steels and the strain rate, the temperature where DSA

w xoccurs varies from 200 to 3508C 1–3 , in coincidence with
the operating temperature range of the secondary lines of

Ž .pressurized water reactors PWR .
Due to its strong potential nocivity, DSA, which in-

duces large toughness reductions, has been extensively
studied in base C–Mn metals. Nevertheless, it is not well

Ž .characterized in the heat affected zones HAZ of the
welds, since the sensitivity to DSA cannot be directly
determined, due to the very abrupt microstructure gradients
existing in these zones. To ensure better structural integrity
of welded joints, a thorough characterization of HAZ
sensitivity to DSA is therefore needed.

Few investigations of the influence of microstructures
on DSA are reported in steels. The influence of microstruc-

Ž .ture on static strain aging SSA and DSA was studied by

0022-3115r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Table 1
Ž .A48 steel chemical composition wt%

C S P Si Mn Ni Cr Mo

0.198 0.012 0.0104 0.207 0.769 0.135 0.095 0.025

V Cu Sn Al N O Ti Nb

-0.003 0.273 0.023 0.004 0.0083 0.0049 -0.003 -0.004

w xChakravartty et al. 13,14 in a low alloyed nickel–
Žmanganese steel A 203 D containing 0.13 wt% C, 0.52%

.Mn, 3.43% Ni, 48 ppm N and less than 0.01% Al . From
tensile tests and strain rate sensitivity measurements per-
formed in the 25 to 2508C temperature range on various

Žcold worked and aged microstructures as quenched or
.tempered martensite, ferrite and pearlite these authors

concluded that no microstructure dependence on the SSA
and DSA sensitivity could be observed in this alloy.

The objective of the present study is to compare the
DSA sensitivity of different simulated heat affected zones
realized by thermal treatment of a C–Mn steel. The DSA
sensitivity has been characterized from an engineering
point of view, as the ductility loss or the ultimate tensile
strength increase deduced from tensile tests. The internal
friction technique has been employed considering its ca-
pacity to evaluate the balance between free carbon or
nitrogen atoms in the lattice and carbon or nitrogen atoms
interacting with mobile dislocations. This correlation be-
tween internal friction experiments and tensile tests offers
new insights for a better understanding of the phenomena.

2. Materials and experimental techniques

2.1. Materials

The material used in this study is a carbon–manganese
Ž .steel of AFNOR French standard NFA 36205 grade A48

which was received as a 40 mm thick plate. The chemical
composition, which is reported in Table 1, corresponds to
that of a silicon semi-killed steel containing very little
aluminium that can trap nitrogen atoms by aluminium

Ž .nitride AlN formation. Consequently, in this alloy, free
nitrogen atoms still present in the lattice can contribute to
DSA.

ŽFour blocks 100 mm width, 160 mm long and 40 mm
. Žthick were taken from the original plate which was

.normalized at 8708C followed by air cooling . This initial
Žnormalized microstructure labelled as reference in the

. Ž .following was preserved in one block block 1 , and
Ž .consisted of banded ferrite and pearlite Fig. 1 . The three

other blocks were reaustenized during a total time of about
Ž .1 h at different temperatures 12508C, 10508C, 9008C and

water quenched, in order to produce different microstruc-
tures as close as possible to those existing in the heat
affected zones of welds.

In these four blocks, conventional through thickness
Ž .micrographic observations Figs. 1–4 were made from

polished sections cut along the longitudinal direction, at 40
mm from the block side. In block 2, which was austenized
at 12508C and water quenched, the microstructure con-

Ž .sisted of martensite, bainite and ferrite Fig. 2 . No differ-
ence could be detected between half and quarter thickness

Ž .Fig. 1. Microstructure of normalized air cooled block 1 reference .
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Fig. 2. Microstructure of austenized 12508C water quenched block 2.

observations. In block 3, which was austenized at 10508C
and water quenched, the microstructure also consisted of

Ž .martensite, bainite and ferrite Fig. 3 , but finer grains than
in block 2 can be observed. The different proeutectoid
ferrite distribution, which is more acicular in block 2, is
due to the better homogenization of the austenite chemical
composition during the 12508C thermal treatment. In block
3, slight microstructure differences can be observed be-
tween quarter and mid thickness with a more quenched

and finer microstructure in the mid section. In block 4,
which was austenized at 9008C and water quenched, a
banded microstructure consisting of bainite, ferrite and

Ž .degenerated pearlite was obtained Fig. 4 .

2.2. Tensile tests

Tensile tests were carried out in the 20–3008C tempera-
ture range on an Instron screw driven machine with a

Fig. 3. Microstructure of austenized 10508C water quenched block 3.
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Fig. 4. Microstructure of austenized 9508C water quenched block 4.

y4 y1 Žstrain rate of 2.4=10 s . Cylindrical specimens 4
.mm diameter were machined in the quarter thickness

longitudinal direction of the plates. Conventional and true
stress–strain curves were plotted. The yield strength, s ,YS

the ultimate tensile strength, s , the uniform and totalUTS

elongation, the reduction of area as well as the work
hardening coefficient were determined versus temperature.

2.3. Internal friction experiments

Internal friction experiments were performed in the
y20 to 3008C temperature range on an inverted torsion

w x y6pendulum 15 with an applied strain of 5=10 and a
Žheating rate of 1308C per hour. The samples 3 mm

.diameter, 50 mm gage length were also machined in the
quarter thickness transverse direction of the plates. This
sample geometry leads to a resonant frequency of the
apparatus which is close to 1.5 Hz. Three metallurgical

Ž .conditions were tested: normalized reference block 1 ,
Ž . Ž .austenized at 12508C block 2 or 10508C block 3 .

Furthermore, one test was performed on the normalized
microstructure, after 8% cold working and one month
room temperature aging.

3. Experimental results

3.1. Tensile tests

In the normalized material, whatever the temperature, a
Luders plateau is observed on the conventional tensile¨

Ž Ž ..curves nominal stress versus elongation D LrL . The0

Ž .Portevin-le-Chatelier PLC phenomenon is clearly exhib-
ited at both 100 and 2008C. Nevertheless, whereas typical
serrated yielding is observed at 2008C, the phenomenon is
less pronounced at 1008C, leading to less periodic serra-

Ž .tions irregular PLC . In the reaustenized materials the
Luders plateau is never observed and only irregular PLC¨
phenomenon appears at 1008C.

The variations of the yield strength, s , the ultimateYS

tensile strength, s , the uniform and total elongations,UTS

as well as the reduction of area are plotted versus tempera-
ture in Figs. 5–9, for the four metallurgical conditions. In
the temperature range tested, all the microstructures dis-
play yield stress and ultimate tensile stress maxima associ-

Fig. 5. s variation with temperature.YS
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Fig. 6. s variation with temperature.UTS

ated with elongation and reduction of area minima which
are characteristics of the DSA phenomenon. In the normal-
ized steel the s maximum and the correspondingUTS

minimum in reduction of area occur at 2008C. These
extrema are shifted to 2508C in reaustenized materials,

Žalthough the DSA starting temperature temperature where
.s begins to increase is the same. The total andUTS

uniform elongations go through a minimum but, whatever
the metallurgical state, these minima appear at lower tem-

Ž .peratures 100–2008C than the strength maxima.
From a ssk´ n fitting of the true stress versus true

strain curves, the variations of the strain hardening coeffi-
cient n have been plotted versus temperature for the

Ž .different microstructures Fig. 10 . This figure shows that
the harder the microstructure is, the lower is the strain
hardening coefficient measured at room temperature and
the lower is the increase with temperature. Furthermore, in
the normalized state, n reaches a maximum at 2008C.

Fig. 7. Uniform elongation variation with temperature.

Fig. 8. Total elongation variation with temperature.

3.2. Internal friction results

The internal friction spectrum measured in the normal-
ized microstructure reveals two main peaks in the y20 to

Ž .3008C temperature range Fig. 11, curve 1 . The first one
which presents a maximum at about 208C can be associ-

Ž .ated with the Snoek peak SP resulting from carbon and
nitrogen redistribution between octahedral sites in the fer-
ritic or martensitic lattice. Due to complex interactions
between nitrogen and manganese, which will be discussed
further on, the Snoek peak height is not directly propor-
tional to C and N interstitial content in the lattice, as
observed in pure iron. The second peak, observed in the
150–2508C temperature range, corresponds to the cold

Ž .work peak CWP and is due to the interaction between
dislocations and interstitials such as carbon and nitrogen.
The CWP height is related to both the density of mobile
dislocations and the interstitial content in the vicinity of

Fig. 9. Reduction of area variation with temperature.
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Fig. 10. Work hardening rate variation with temperature.

dislocations. This classical interpretation of the internal
friction spectrum in steels is confirmed by curve 2 which
represents the internal friction variation measured in the
normalized microstructure, after 8% cold working and one
month room temperature aging. In that case, an increase of
the CWP with dislocation density is observed, associated
with a corresponding SP decrease, in agreement with the

Fig. 11. Internal friction plot.

classical balance of interstitial atoms between lattice and
w xdislocations 36 .

The internal friction plots obtained in quenched mi-
Žcrostructures tested after 3 months room temperature ag-

. Ž .ing are also reported in Fig. 11 curves 3 and 4 . The
comparison between all these plots reveals that the SP
decreases whereas the CWP increases, either after quench-
ing, or cold working. More pronounced modifications are
observed after quenching.

4. Discussion

4.1. Tensile tests

From Figs. 5–10 it appears that the dynamic strain
aging phenomenon is clearly evidenced in all the mi-
crostructures tested, especially by the jerky flow observa-
tion and associated ductility loss on the stress–strain curves.
In the temperature range tested, a larger evolution of the
different parameters is always observed in the normalized
Ž .reference microstructure. For instance, in this microstruc-
ture, the maximum ultimate tensile stress is 140 MPa
higher than the room temperature value whereas only an
80 MPa increase is measured in the materials austenized at
12508C and quenched. Correspondingly, in comparison
with the room temperature value, a 14% drop of the total

Ž .elongation is observed in the normalized reference mi-
crostructure whereas it is limited to 3% in the 12508C
austenized and quenched microstructure. From this point
of view, the hardest microstructures, consisting mainly of
martensite, bainite and ferrite appear to be less sensitive to
DSA. This lower sensitivity of quenched microstructures is
in good agreement with the less pronounced PLC effect,
observed on the tensile curves of the hardest microstruc-
tures.

4.2. Internal friction tests

For steels with carbon content below 0.25%, the
w xmartensite is cubic 16 . In the present steel, according to

the formula cras1000q0.045 wt% C, the difference
between c and a lattice parameters is lower than 1%, so
the carbon and nitrogen atoms can be considered as ran-
domly distributed between the octahedral sites, each octa-
hedral site keeping its original spherical symmetry. This
makes no differentiation between the relaxation phenom-
ena observed in both ferrite or low carbon martensite.

As shown in Fig. 11, the Snoek peak, due to free
carbon and nitrogen redistribution between equivalent oc-
tahedral sites in the lattice, which appears at 208C, reveals
a more complex shape than in pure iron. As discussed by

w xKoiwa 17 , the SP disymmetry in these industrial materi-
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Žals results from the overlapping of C peak located around
w x. Ž398C in a-Fe, 18,19 and N peak around 24–258C in

w x.a-Fe, 18–20 and essentially from the presence of substi-
tutional manganese, which modifies the jump process of
nitrogen atoms.

ŽThe cold work peak also known as Snoek–Koster¨
.peak observed between 150 and 2008C is due to mobility

of the interstitial atoms in the dislocations stress field. The
exact mechanism of this relaxation is still controversial
w x21,22 . In the more simple model, the dislocation line
pinned in two points, drags solute atoms as it bows out
under the oscillating stress. At low temperature, interstitial
atoms mobility is not sufficient to follow dislocations,
whereas at high temperature, this mobility is too important
and, in both cases, no energy dissipation is involved. At
intermediate temperatures, the dragging of the interstitial
atoms by the dislocations is effective and results in the
energy loss measured by internal friction.

Room temperature aging and tempering of Fe–C and
Fe–C–N have been studied extensively by many authors,
in various microstructures, including supersaturated

w xwater-quenched ferrite 23,24 and martensites of Fe–N
w x w x w x25 , Fe–C 26 , Fe–C–N 27 . From these studies it
appears that, after room temperature aging, the interstitial
atoms are distributed through various sites:

– most of the nitrogen and carbon atoms are clustered
in local enriched zones which, after a sufficient time, lead
Ž . Y Ž .in Fe–N and Fe–C ferrites to a Fe N or Fe C,N16 2 16 2

carbonitrides precipitation;
– a noticeable part of interstitial atoms are trapped in

the vicinity of lattice defects such as dislocations;
– the remaining part of the interstitial atoms are ran-

domly distributed between the octahedral sites of the solid
solution. Internal friction results by Fergusson and Jack
w x23 showed that these atoms contribute to the Snoek peak
observed in these structures. Therefore, the peak height

Ž .can give a measure of the nitrogen and carbon content in
the lattice.

The distribution of C and N atoms between these
Ž .different sites clusters, lattice defects and solid solution is

strongly dependent on defect density relative to nitrogen
and carbon content. In freshly quenched Fe–Ni–C marten-

Ž 11 y2 .sites with a 5=10 cm dislocation density , Wyslich
w xet al. 28 have evaluated the amount of carbon atoms

segregating on lattice defects during aging, for various
carbon contents. For 0.8% C, they have shown that nearly
67% of the carbon atoms are trapped in the dislocations
stress field whereas this amount reaches 80% in Fe–Ni
0.4% C and 83.5% in Fe–Ni 0.2% C. Similar results have

w xbeen given by Nishiyama 29 in Fe–C martensite, with
less than 0.2% C. In that case, due to the higher MS

temperature, interstitial redistribution can occur during both
quenching and further aging, and it can be estimated that
90% of the carbon atoms have clustered on lattice defects
w x29 , thus partly explaining why martensite remains cubic
in low carbon steels.

In low carbon martensite, with lath morphology, the
w xvery high dislocation density observed 30–32 is difficult

to quantify exactly but the order of magnitude is close to
12 y2 w x Ž 8 910 cm 2,33 , whereas it is much lower 10 or 10
y2 . w xcm in low carbon ferritic steels 2,34 .
Assuming that the linear relationship between Snoek

peak height and free interstitial atoms content is the same
Žin the ferritic and in the martensitic phase according to the

.cubic crystallography of low carbon martensites , the inter-
nal friction plot reported in Fig. 11 for different mi-

Žcrostructures of the same C–Mn steel 0.2 C and 80 ppm
.N can be interpreted as follows. In the normalized mi-

crostructure, the low density of dislocations, confirmed by
Ž .the existence of a small cold work peak CWP , offers few

sites for the trapping of interstitial atoms on dislocations.
Consequently, carbon and nitrogen atoms occupy preferen-
tially the octahedral sites of the lattice, in agreement with
the large Snoek peak observed. At the opposite, in the
quenched microstructures, due to the strong interaction of
interstitial atoms with the high density of dislocations in

Ž .martensite exhibited by the large CWP , only few C and
N atoms are still present in the solid solution, as demon-
strated by the small Snoek peak observed in these struc-
tures. In order to confirm this balance between free inter-
stitial atoms in the lattice and interstitial atoms trapped on
dislocations, a normalized sample has been 8% cold worked

Ž . w xand aged 1 month at room temperature. After Baird 1 ,
this one month aging at room temperature allows nitrogen
diffusion over a distance of 6=10y6 cm which is the
mean distance between dislocations in cold worked iron.
Such an aging procedure leads to dislocation sites filling

Ž .by C and N atoms. Fig. 11 curve 2 confirms the Snoek
peak decrease and the corresponding CWP increase, in
agreement with the usual effect of cold working on Snoek

w xpeak height 22 . In agreement with the lower density of
dislocations attainable by cold working, relative to that
associated to martensitic transformation, the internal fric-

Ž .tion plot Fig. 11, curve 2 is intermediate between the
Ž .evolutions of normalized curve 1 and quenched mi-

Ž .crostructures curves 3 and 4 .

4.3. Correlation between internal friction and tensile tests
results

In pure bcc metals, the Snoek peak height is propor-
tional to C or N atoms in solid solution. Nevertheless, in
steels the Snoek peak is more complex, due to overlapping
of C and N peaks and also to nitrogen Snoek peak

w xdistortion by nitrogen–manganese interaction 17 . In this
case the deconvolution of the different peaks is doubtful
and the quantitative determination of free C and N content
in the lattice is not reliable. We have therefore plotted on
Figs. 12 and 13 the global Snoek peak height versus two
different DSA sensitivity parameters defined considering

ŽŽ .an engineering point of view. The first one, D LrL0 208C
Ž . . Ž .y D LrL r D LrL , corresponds to the loss in0 min 0 208C
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total elongation over the temperature range tested, relative
to the total elongation measured at 208C. The second one,
ŽŽ . Ž . . Ž .UTS y UTS r UTS , corresponds to themax 208C 208C

relative increase of the ultimate tensile strength. As re-
ported in Figs. 12 and 13, a linear relationship can be
plotted between the Snoek peak height and these two DSA
sensitivity indexes defined above. On these figures addi-

w xtional results, previously reported 35 , and concerning an
A42 steel and a deposited manual metal arc weld
Ž .MMAW , having manganese contents similar to that in

Žthe steel tested, are also included. Further experiments not
.reported here realized on different steels with various

manganese content have shown that no unique linear corre-
lation can be plotted between DSA sensitivity and Snoek
peak height. This influence of manganese content can be
interpreted in terms of the strong interaction existing be-
tween nitrogen and manganese, as illustrated by the large
nitrogen Snoek peak modification by manganese reported

w xby different authors in nitrogen steels 17,36,37 . Further-
more, the weak DSA observed on Figs. 12 and 13, in the
absence of any corresponding Snoek peak, can be at-
tributed partly to the insufficient resolution of our internal
friction measurements, since only a few ppm of nitrogen

w xatoms are needed to give rise to DSA 38 . It must also be
considered that internal friction tests are conducted on
microstructures which are nearly in equilibrium at the
considered temperature, whereas the plastic deformation
during tensile tests leads probably to partial C and N
redistribution from dislocations sites to interstitial sites of
the lattice. This interstitial redistribution accompanying
tensile tests can give rise to DSA phenomena which are
not observable by internal friction measurements on the
initial microstructure.

The correlation which has been established between
Snoek peak height and DSA sensitivity indicates that DSA

Fig. 12. Elongation DSA sensitivity index versus Snoek peak
height.

Fig. 13. UTS DSA sensitivity index versus Snoek peak height.

is directly governed by the amount of free interstitial
nitrogen and carbon atoms in the lattice. As shown by the
internal friction experiments, this free interstitial content is
strongly microstructure dependent. The lower sensitivity to
DSA reported in the quenched microstructures, consisting
of martensite, bainite and ferrite can be attributed to C and
N trapping on the dislocations resulting from the quench-
ing procedure and revealed by the CWP increase associ-
ated to Snoek peak weakening. This strong influence of
dislocation density on free interstitial trapping by room
temperature aging is clearly emphasized by the evolution
reported in cold worked microstructures, as compared with
those reported in the initial normalized microstructures
Ž .Fig. 11 .

A comparison between the variations of the different
tensile test parameters reported versus temperature in Figs.
7–9, shows that the influence of DSA is shifted to higher
temperatures when the austenizing temperature is in-

Ž .creased. Similar results not reported have been obtained
in C–Mn welds with different amount of manganese. This
trend can tentatively be attributed to the increasing man-
ganese content of the lattice, resulting from higher aust-
enizing temperatures and, as mentioned above, at a strong
MnrN interaction which leads to a reduced mobility of
nitrogen atoms. Consequently, in the presence of high Mn
content in the lattice, DSA phenomenon extends to higher
temperatures. Further experiments would be needed to
confirm this interpretation.

5. Conclusion

In order to characterize the sensitivity of C–Mn steel
weld HAZ to dynamic strain aging, the influence of mi-
crostructure has been studied by tensile and internal fric-
tion tests on simulated heat affected zones. These mi-
crostructures were obtained by water quenching after vary-
ing the austenizing temperature in the 900 to 12508C
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temperature range. The following conclusions can be
drawn:

– the DSA phenomenon is shown to be strongly mi-
crostructure dependent. The more severely quenched mi-
crostructures, consisting of martensite, bainite and ferrite
are less sensitive to DSA. This lower sensitivity to DSA
can be attributed to the C and N trapping on the disloca-
tions resulting from the quenching procedure as revealed
by the internal friction cold work peak increase and Snoek
peak decrease;

– the DSA sensitivity, evaluated by the ductility loss or
the UTS increase, is proportional to Snoek peak height.
This important result shows that even in industrial materi-
als a single internal friction test can give a precise evalua-
tion of DSA sensitivity.
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