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Some aspects of Portevin–Le Chatelier plastic instabilities
investigated by infrared pyrometry

N. Ranc∗, D. Wagner
L.E.E.E., E.A.387, Université de Paris X Nanterre, 1, Chemin Desvallières, 92410 Ville d’Avray, France

The deformation heterogeneity related to the Portevin–Le Chatelier effect has been studied for aluminium–copper alloy during a tensile 
test at ambient temperature. Plastic deformation is accompanied by dissipation of mechanical energy into heat. To observe the localization of 
deformation in bands, we used a pyrometer coupled to an infrared camera. This device serves to visualize the formation of the deformation bands 
and to quantify apparent velocity. From these thermal data, we can also determine the geometrical characteristics of the bands: orientation, 
bandwidth, and space between two bands. The aperture time (1500 �s) and the acquisition frequency of the camera (60 Hz) allow the band-
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ormation time and the middle-band time to be estimated. The measurement of the variation in temperature during the appearance of a band
s used to quantify the plastic deformation in the band.

eywords:Portevin–Le Chatelier effect; Dynamic strain aging; Plastic instability; Infrared pyrometry

. Introduction

Strain aging processes are common in alloys containing
olutes that are pinned by dislocations. Two types of strain
ging can be characterized: static strain aging (SSA)[1,2]
here the aging process takes place after straining and dy-
amic strain aging (DSA)[2–5] where aging is sufficiently
apid to occur during straining. In both cases, there is an in-
rease in flow stress and work hardening rate and a decrease

n ductility (elongation, reduction in area and fracture tough-
ess) compared with the values expected in the absence of
train aging effects. The underlying physical models offered
o interpret the experimental results are not well established.
ccording to the review of models, reported by Kubin and
strin[2,6], and Neuḧauser and Schwink[7], basic interpre-

ations are generally accepted; the origin of these phenomena
s related to the presence of solute atoms, which are able to
iffuse over short distances and to pin mobile dislocations.

n DSA a kind of resonance phenomenon occurs when the

∗

mobility of the solute species is of the same order as the
location velocity. Thus, depending on the composition
the thermo-mechanical treatment of the materials, the e
imental conditions (temperature range, strain rate) req
observing these interactions between mobile dislocation
diffusing atoms could vary considerably. In the early mo
[8] dislocations were assumed to move in a viscous ma
while in more recent models[9–12] they were assumed
move in a jerky manner. Then the motion of dislocation
due to thermally activated jumps through localized obsta
and is characterized by a waiting time between jumps.
ing this waiting time, when the dislocations are tempora
stopped from obstacles, solute atoms diffuse to the dis
tions and increase the strength of these obstacles.

Both types of strain aging can also give a rise in n
homogeneous plastic deformation. Static strain aging re
in a return of the L̈uders strain phenomenon and dyna
strain aging produces a variety of types of non-homogen
deformation called Portevin–Le Chatelier (PLC) eff
Within the range of existence of DSA, the strain rate
sitivity S = ∂σ/∂lnε̇ may become negative. In polycryst
Corresponding author. Tel.: +33 1 47 09 70 13; fax: +33 1 47 09 16 45.
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rate, falling in the negative strain rate sensitivity range, PLC
bands occur. On the stress–strain curve, these features pro-
duce serrated yielding. On a hard machine, three main types
of serrated curves are commonly distinguished[7,13–19].
Type A serrations, which rise above the general level of the
stress–strain curve, are associated with repetitive continuous
propagation of deformation bands nucleated at certain loca-
tion. These bands are often located at the specimen extremity
and move along the specimen. Type B serrations oscillate
about the general stress–strain curve and occur in rapid suc-
cession of localized deformation bands. Type C serrations
fall below the general level of the stress–strain curve and
occur when localized deformation bands appear in a spa-
tially non correlated manner. Like in the case of type B, each
stress drop reflects the formation of a single localized band.
These types correspond to various modes of strain localiza-
tion, which are correlated to external parameters (strain, strain
rate, temperature, tensile machine stiffness, geometry sam-
ple, surface roughness of the sample) and internal parameters
(composition of the alloy, crystal lattice, type and content of
solute, single crystal or polycrystal, mobile dislocation den-
sity, obstacle type (forest, precipitates,. . .) and grain size).
The influence of the external parameters on the PLC effect
was evaluated in experiments and theoretically. When the
strain rate increases (waiting time of dislocations decreases)
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also an experimental technique, which is able to study qual-
itatively and quantitatively the PLC effect.

After a description of our experimental device in Section
2, we will present the results obtained and the methods used
for analysis. In Section4, these results will be discussed and
compared with those available in the literature.

2. Experimental device

2.1. Materials

The material used in this study is a 4% copper–aluminium
alloy, heat treated at 500◦C for 30 min and then water
quenched. Immediately after quench, the copper content in
substitutional solid solution is important and this alloy is sen-
sitive to DSA in a temperature range around 20◦C. The av-
erage grain size of the alloy was about 17�m.

2.2. Traction device

Immediately after quench, tensile tests were carried out
on a screw driven machine at the ambient temperature with a
strain rate of 7.7× 10−3 s−1. Prismatic specimens of 12 mm
wide, 3 mm thickness and 60 mm length were machined and
c s in
t sys-
t
C .
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r the temperature decreases (mobility of solute decre
he strain localization evolves from type C to type B an
ype A. As a general trend, serrations occur after a ce
mount of strainεc [20–22]. The critical strain for the ons
f serrated yield normally increases with increasing s
ate and decreases with increasing temperature, but t
erse behaviour can occur. In some cases, a critical stra
lso been observed with the disappearance of serratioεc

6].
Until now, experimental techniques used are video rec

ng, extensometry by gauge length measurement, lase
ensometry[7] and more recently acoustic emission[23] and
aser speckle technique[24]. One of the most important d
culties in the study of the band propagation is the dyna
eature of the phenomenon. The plastic deformation of
ls is accompanied by dissipation of the major part of
echanical energy into heat. This dissipation generall

ults in an increase in the material temperature. In our s
e choose to measure the temperature fields on the s
f a specimen subjected to a tensile test. Because the
ffect results from plastic deformation, this pyrometry te
ique enables us to survey the dynamic aspect of the
omenon by visualising the appearance and the evoluti
LC bands, also to specify their geometrical character
s the band-widths and their orientation of which this p
omenon results. From the measurement of the tempe
elds at various moments, the solution of the heat tran
quation obtains the cartography of the dissipated powe
e know the expression of the dissipated power accordi

he stress and the plastic strain, we can determine the p
train field on the surface of the specimen. Thermograp
overed with a black paint. The specimen’s surface wa
he as-rolled condition. The combined stiffness of the
em “specimen-machine” was approximately 1.1× 107 N/m.
onventional stress–nominal strain curves were plotted

.3. Temperature measurements

To determine the temperature field on the surface o
pecimen, we chose a measurement technique by pyro
he advantages of this method are numerous. First, it is

ntrusive measurement technique, which does not distur
emperature field in the specimen. It also obtains relat
hort measurement times, about one millisecond in our s
nother advantage of pyrometry is to enable the visualiza
f temperature cartography with very good space resolut

n our case, one measurement zone corresponds to an a
.4 mm× 0.4 mm on the specimen surface. Pyrometry
een already used in mechanics for the study of other
omena[25–29].

The design of a pyrometer requires choosing a spe
ange, which is linked to the measured temperature and
ral sensitivity of the selected detector. For the Al–Cu
oy, DSA occurs at ambient temperature. During the te
est, the temperature varies between the ambient and ap
mately 40◦C. The spectral range of the radiation emitted
he specimen is in the mid infrared domain associated t
ercury cadmium telluride detector (MCT detector). A

n our study, we used an infrared camera made up of a m
f 320× 240 detectors. The aperture time is fixed at 1500�s.
he refresh frequency of the camera is of 60 Hz, which co
ponds to the duration between two pictures of 16.7 ms



weak noise of the camera (about 20 mK) detects weak varia-
tions of temperature. To focus the maximum energy emitted
by the specimen, we use an objective with a 50 mm focal
length.

The pyrometer is calibrated on a blackbody reference in
order to establish the relation between the detector’s output
signals and the temperature. The sources of error associated
with pyrometry are often related to uncertainties on the emmi-
sivity of the surface. In this study, to eliminate this problem,
we covered the specimen surface with a strongly emissive
black painting. The thickness of the coat of paint is suffi-
ciently fine so as not to disturb the temperature measurement
of the specimen.

3. Results and analysis methods

3.1. Results of mechanical and thermal measurements

Fig. 1shows the conventional stress–strain curve and the
temperature measured on three points of the sample noted A,
B and C and spaced 15 mm. At the beginning of the tensile
test, in the elastic range, we noted a temperature reduction
of approximately 0.3◦C due to the thermoelastic effect[30].
O era-
t enon
i
T ns o
t tion
m and
( C at
t n in-

crease in the average size of the stress drops. The temperature
field on the surface specimen were recorded throughout the
test. An example is given inFig. 2 for deformations varying
between 0.095 and 0.114.

3.2. Plastic deformations determination

The temperature field in the specimen obeys the following
heat transfer equation:

ρCp
∂T

∂t
= dint + λT (1)

with ρ the density,Cp the heat capacity andλ the thermal
conductivity.

The termsρCpṪ anddint of Eq. (1) correspond respec-
tively to the calorific power stored in the material and to the
power dissipated into heat per unit of volume. The Laplacian
termλT corresponds to the phenomenon of heat conduc-
tion. The measurement of the temperature at various moments
estimates the termsρCpṪ andλT and identifies the dissi-
pated powerdint. A solution of this problem was proposed by
Chrysochoos et al.[25]. In the case of thermoplasticity, we
can express the dissipated power in the following form[31]:

d
∂εp

w
l uct.

ρ

urve a
n the contrary, during the plastic deformation the temp
ure increases by several tens of degrees. This phenom
s explained by the glide mechanism of the dislocations[31].
he stress–strain curve presents characteristic serratio

he PLC effect. This feature is composed of a first serra
arked (a) followed by smaller serrations between (a)

b). Smaller serrations are of type B, and evolve to type
he end of the test. During the tensile test, we observed a

Fig. 1. Stress–strain c
3

f

int = βσ :
∂t

(2)

ith σ the stress tensor,εp the plastic strain tensor,β the Tay-
or Quiney coefficient and the symbol: the contract prod

By using this expression fordint in Eq.(1), we obtain:

Cp
∂T

∂t
= βσ :

∂εp

∂t
+ λT (3)

nd temperature evolution.



Fig. 2. Consecutive thermographs of traction specimen.

Assuming the process is adiabatic, the previous equation is
reduced to:

ρCpdT = βσ : dεp (4)

For a tensile test, we suppose that all the components of the
stress tensor are zero except the normal component along
the traction axis notedσ and a relation of proportionality
can be established between the temperature variation and the
variation of plastic strain along the traction axis noted dεp:

dεp = ρCp

βσ
dT (5)

If we measure the temperature variations with the infrared
camera and if we know the stress from the strain–stress curve,
we can determine the plastic strain variations.

4. Discussion

4.1. Observations of the PLC band-formation and
propagation

The relationship between the stress–strain curve and the
temperature field recordings enables precise macroscopic ob-
servations of the PLC bands formation. The temperature
r in-
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Both serrations probably result from the specimen geometry
and our attention focuses on the pure type B serrations be-
tween (a) and (b).

At each point A or B or C, when the band disappeared
the temperature slightly decreased due to the heat diffusion
in the sample around the point. This heat diffusion is equally
visible between frames 2 and 5 inFig. 2, near the PLC band
previously formed. Frame 1 inFig. 2 corresponds to a ther-
mography just before the band-formation seen in frame 2.
Fig. 4 represents the temperature variation occurring before
and after the formation of a PLC band (for instance between
frame 1 and 2 ofFig. 2). As we saw in Section3.2, this
temperature variation is proportional to the increment of the
plastic deformation (Eq.(5)). Our measurement device does
not detects temperature variation lower than 40 mK (for a sig-
nal to noise ratio equal to 2), which corresponds to a plastic
deformation of 0.05%. We can conclude that during the for-
mation of the band the plastic deformation outside the band
is lower than 0.05%.

Fig. 4 shows clearly the organisation of the PLC bands
formation. Thus, as expected, for these type B serrations the
propagation of the localized bands in the axial direction is
discontinuous but regular (Fig. 2). Although the band prop-
agation is not continuous, an apparent velocity of the bands
can be calculated from the measurement of the time differ-
e ,
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ecordings at the A, B, C points (Fig. 1) show a sudden
rease in the temperature when a band goes in front o
easurement point. We can conclude that there is an inc
f the plastic deformation at the point.Fig. 2shows six con
ecutive frames for deformation around 0.1. We can obs
significant increase of the temperature between therm
hies 1 and 2 and thermographies 5 and 6, which corresp

o a PLC band-formation. On the contrary, we can noti
light decrease of the temperature between thermograp
nd 5.

Fig. 3 shows the formation of a new single band, wh
orresponds to one serration or one stress drop. All the fr
n Fig. 3are taken in the domain between (a) and (b). E

ype (a) or (b) serration corresponds to the creation of a
t the same extremity of the sample (frames 1 and 26 inFig. 3).
nce between the A, B, C, points inFig. 1. In Figs. 5 and 6
he apparent velocity is shown as a function of total s
nd stress during the test. The apparent band velocities

rom more than 100 mm s−1 at the beginning of the test
0 mm s−1 at the end of the test. The band velocity decre
ith increasing strain and stress. The evolution of the ap
nt velocity is linear versus the stress. McCormick[17] and
uddy and Leslie[14] on respectively an Al–Mg–Si allo
nd an Fe–Ti–Si alloy have reported the same trend for
serrations, but their values of velocity bands were lo

2–30 mm s−1 for [17], 0.15–0.5 mm s−1 for [14]). Any ap-
arent velocity bands for type B or type C values have
eported in the literature.

On our alloy, the creation of the bands displayed by
on monotonic temperature evolution versus nominal d



Fig. 3. Thermographs of traction specimen.

mation (Fig. 1) starts as early as the end of the elastic domain.
In fact it is not necessary to reach a critical strainεc for the on-
set of the serrated yielding. The experimental determination
of this critical strain is difficult because in the beginning of the
tensile test the apparent propagation velocities are high and
the increments of plastic deformation are very weak. The de-
termination of the onset of the phenomenon seems strongly
dependent on the precision of the experimental techniques

used. As mentioned above, our measurement technique by
pyrometry detects temperature variation of around 40 mK
(for a signal to noise ratio equal to 2), which corresponds
to heterogeneity of the plastic deformation from approxi-
mately 0.05%. However this observation about the critical
strain goes against the majority of the experimental observa-
tions in literature[20,21]. Indeed, the critical strain for the
onset of the serrated yielding normally increases with increas-

ent du
Fig. 4. Temperature increm
5

ring occurrence of PLC bands.



Fig. 5. Band velocity vs. total nominal strain.

ing strain rate and decreases with increasing temperature.
This phenomenon is called “normal” behaviour. However,
the “inverse” behaviour, which is characterized by decreas-
ing critical strain with increasing strain rate and decreasing
temperature, has already been observed. Abbadi et al.[21]

Fig. 6. Band velocity vs. stress.

have reported that in an Al–Mg alloy, type A and type C ser-
rations correspond respectively to the normal and the inverse
behaviour and type B serrations are generally found in the
transition behaviour close to the minimum value ofεc versus
strain rate. In our case, the serrations are of type B. Consider-
ing temperature measurement is a more precise method than
Fig. 7. (a) Band slope with the traction direction.

6

(b) Band-width and distance between two bands.



extensometry to visualize PLC bands andεc will be minimum
in type B serrations, the results obtained in this study can be
explained, particularly since Cuddy and Leslie[14] have re-
ported this behaviour on an iron base metal containing 0.15%
Ti (to remove from solution interstitial carbon, oxygen and
nitrogen) with different additions of substitutional Si. These
observations confirm that enhanced diffusion due to defor-
mation enhanced vacancies does not control the formation of
serrations.

4.2. Geometric strain heterogeneities

Fig. 7(a) represents the temperature variations during the
formation of bands 16 and 17 fromFig. 3. These pictures
enable us to determine the slope angle between the bands di-
rection and the traction axis. For frame 16 we find an angle
of 62◦. Fig. 7(b) shows the profile of the temperature varia-
tions alongy-axis for the bands 16 and 17. We can measure
the bandwidth notedδ, and is defined as the width where
the temperature variation due the band-formation is higher
than the maximum temperature variation divided by two. We
find on frame 16 and 17 a bandwidth of respectively 3.3 and
3.6 mm.

The assumption of an adiabatic phenomenon causes an
error on the estimate of the bandwidth. The heat diffusion be-
t ning
o eed,
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Fig. 8. Middle-band time and formation-band time in a scheme stress strain
curve.

on until the upper extremity of the specimen has been
reached.

We can note that the appearance of a band occurs in the
majority of cases between two pictures. We can suppose that
the duration of band-formation is lower than 16.7 ms, the
refresh time of the camera. In very rare cases, we can per-
ceive the appearance of the band on two consecutive pictures.
This corresponds to the particular case where the first picture
shows the beginning of the band-formation and the second
picture shows the completely formed band. We can thus es-
timate that the formation duration, which corresponds to the
formation-band time, is slightly higher than the aperture time
of the camera, which is 1.5 ms. So the formation-band time
is approximately a few milliseconds.

Our experimental device helps us to quantify the duration
between the formation of two consecutive bands and thus
to quantify the middle-band time. This waiting time evolves
during the tensile test. Between the marks (a) and (b) inFig. 1,
the middle-band time is estimated at 75 ms. At the end of the
test its value is approximately 120 ms.

4.4. Plastic strain in the bands

For each band, the plastic deformation increment noted
εp could be determined from the temperature measurement
a s
t

es an
e tion.
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ween the moment when the band is formed and the ope
f the camera tends to overvalue the real bandwidth. Ind
e note a small dispersion of the results.Fig. 10, given in
ppendix A, shows the maximization of the estimated ba
idth. If the band is formed just after the opening of the c
ra, we observe, on the following picture, the heat diffu
onsequences during 16.7 ms, corresponding to the re
ime of the camera. In this most unfavourable case, the
n the bandwidth is of 1.5 mm. The bandwidth measure

rame 16 and 17 corresponds to the finest bands amon
icture 1–26.

Fig. 7(b) also allows the distance between two bands a
hey-axis (notedd) to be measured. A distance of 2.6 mm
ound between thermographies 16 and 17.

We can notice that the slope of the band, the bandw
nd the distance between two consecutive bands remai
tant during the tensile test. These values are in good a
ent with the few ones reported in literature[15–17].

.3. Middle-band time and formation-band time

A scheme of an enlargement of the stress–strain c
s given in Fig. 8. Each serration is made of an incre
f the stress, followed by an abrupt stress drop. The
rease corresponds to the time between the formatio
wo consecutive bands called the “middle-band time”
oted tmb, while the stress drop corresponds to the
en formation of the band. Only during this phase, do
lastic deformation occurs and represents the “forma
and time” notedtfb. Then for the next serration a ne
ingle band starts ahead of the previous one, an
nd the stress level (Eq.(5)). In Fig. 9,εp is plotted versu
he total nominal strainε during the test.

The assumption of an adiabatic phenomenon caus
rror on the estimate of the increment of plastic deforma

Fig. 9. Increment of plastic strain vs. nominal strain.



The heat diffusion between the moment when the band is
formed and the opening of the camera are likely to under-
value the real increment of the plastic deformation. Also, the
experimental points given inFig. 9correspond to a minimal
increment of deformation. The dispersion of the results can
be explained mostly by the heat diffusion. The temperature
evolution in the centre of the band versus time is given in
Fig. 11, in Appendix A. The maximum relative reduction of
the temperature is approximately 39% for the duration of the
camera refresh time. By considering the high envelope curve
in Fig. 9, we can show that the increment of plastic defor-
mation in the band is about 7% of the total deformation (i.e.
εp/ε ∼ 0.07).

When the band propagates, the mobile dislocation density
ρm is related to the increment of plastic deformationεp by
the expression:

ρm = ε

bδ
(6)

With b the modulus of the Burgers vector (0.4 nm for the
Al crystal) andδ (3.5 mm) the bandwidth, which is arbitrar-
ily taken for the dislocation path. Then we obtained a mo-
bile dislocation density of 2.9× 105 cm–2 for the beginning
o f
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Appendix A. Thermal calculations

We suppose that the plastic deformation is uniform in a
zone of widthd= 3 mm. In this band, there is a uniform in-
crease of the temperature. We denote the temperature of the
specimen byT0 before the band appearance and this tem-
perature variation byT. This initial temperature is sup-
posed to be uniform. The length of the band is supposed
to be very large compared to its width in order to consider
the unidimensional problem. We choose ay-axis perpen-
dicular to the band direction. The origin of they-axis is
taken at the center of the band. We taket= 0 at the time
of the band creation. Only the positive values ofy will be
considered because the problem is symmetrical compared
to x-axis. The thermal diffusivity noteda is taken equal
to 9.13× 10−5 m2 s−1. The initial temperature is equal to
3 ◦

ter-
m e
t ure
p

F

F

T
t
t alues
c ively.

c

T

a
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f the test (ε= 0.004) and 9.3× 105 cm−2 for the end o
he test (ε= 0.013). These values are in agreement
hose reported by Lacombe[15] from the studies of Kor
el on Cu–Zn alloys and by Chmelik et al.[23] from the
tudies of Neuhäuser. For Lacombe,ρm in the PLC band
ill be about 104 cm−2 at the deformation start and w

each 106 cm−2 at the end. For Chmelik et al., each str
rop is related to a movement of at least 104 cm−2 disloca-

ions.

. Conclusion

The PLC instabilities in an Al–Cu alloy were investiga
y infrared pyrometry technique. In addition to the visu

zation of the phenomenon, this technique helps to qua
ome data like geometrical characteristics and deform
ncrement. For the strain rate and temperature used d
he tensile tests type B serrations were observed. Each
rop corresponds to a band-formation. The band nucleat
iscontinuous but regular. Each new single band starts a
f the one preceding and so on until the opposite sid

he sample. The time between two nucleations is estim
etween 75 and 120 ms along the test. The band-form
ccurring during the stress drop is very fast (a few millis
nds) and gives an increment of plastic deformation e

o 7% of the nominal deformation. The bandwidth was e
ated at 3.5 mm, and its slope with tensile axis at 62◦. The
pparent band velocity decreases during the test from 1
0 mm s−1.
s

0 C.
The resolution of the thermal problem allows to de

ine the temperature profile alongy-axis according to th
ime. After calculation, we find the following temperat
rofiles:

or 0≤ y ≤ d

2
: T (y, t) = T0 + T

− T

2

(
erfc

(
d/2 + y

2
√

at

)
+ erfc

(
d/2 − y

2
√

at

))
(7)

or y ≥ d

2
: T (y, t)

= T0 + T

2

(
erfc

(
y − d/2

2
√

at

)
− erfc

(
y + d/2

2
√

at

))

(8)

he temperature evolution is represented inFig. 10for time
= 0, t= 8.3 ms andt= 16.7 ms. Att= 8.3 ms andt= 16.7 ms
he bandwidth is 3.6 and 4.5 mm, respectively. These v
orrespond to a relative variation of 20 and 53%, respect

The temperature evolution in the center of the band (y= 0)
an also be expressed:

(t) = T0 + T · erf

(
d/2

2
√

at

)
(9)

nd the relative variation of temperature is:

T (t) − Tmax

T0 − Tmax
= erfc

(
d/2

2
√

at

)



Fig. 10. Temperature profile in the specimen.

Fig. 11. Temperature evolution in the center of the band vs. time.

whereTmaxis the initial temperature in the center of the band.
The temperature evolution in the center of the band is shown
as a function of time inFig. 11.
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