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Abstract

Nanoscale coherent precipitates and the corresponding micro residual stresses play a dominant
role in the strengthening process of materials. At present, there exists no experimental method for
measuring micro residual stresses of 1" kind non-destructively. In the frame of the present work, it
will be shown that micro-magnetic measurement techniques based on the tensile loading depend-
ent maximum Barkhausen noise amplitude can be used for the analysis of micro residual stresses
(MRS) of 1" kind (coherency residual stresses). For this purpose, Fe-Cu-alloys with well-defined

contents of Cu-precipitates were produced and investigated.

1. Introduction

Residual stresses are self-equilibrating stresses existing in materials under uniform temperature
conditions and without external loading. The inner mechanical forces and moments combined with
the micro residual stresses are balanced in a mechanical equilibrium [1]. Measurement of MRS in
materials is of increasing interest. Generally speaking, MRS in superimposition with load induced
stresses have advantages when they compensate. MRS change under the influence of the temper-
ature/time conditions. Due to their capability to detect the change in the interaction between the
magnetic structure and the lattice defects like dislocation, precipitates, grain boundaries or residual
stress fields, the micro-magnetic ND techniques are suitable for the characterization of the residual

stress state of the component.



One of the objectives of the present research work was to develop a micro-magnetic non-
destructive method as an alternative to the time consuming radiographic method for quantitative

characterization of the MRS of II'* order in iron-based materials.

2. Theoretical Background

2.1 Magnetic methods - Barkhausen noise measurements

Ferromagnetic materials consist of small, finite regions called magnetic domains. Each domain is
spontaneously magnetized to the saturation value Mg (saturation magnetisation) of the material.
These domains are separated by Bloch walls [2]. Two kinds of Bloch walls are observed in the
magnetic structure of a ferrous magnetic material: 180°-Bloch walls and 90°-Bloch walls. The indi-
cated angle is the angle between the magnetization vectors in two adjacent domains. During mag-
netization the Bloch wall movement takes place discontinuously because the Bloch walls are tem-
porarily pinned by microstructural obstacles like dislocations, precipitates, phases or grains bounda-
ries in a polycrystalline material. The stepwise breakaway of the Bloch walls from the obstacles
changes the magnetization state locally. The local magnetization changes induce pulsed eddy cur-
rents in the vicinity of the events. The pulsed eddy currents induce electrical voltage pulses, detect-
ed by an induction coil surrounding the magnetized specimen, the so called Barkhausen noise [2].
After suitable rectification, amplification and filtering the noise signals are plotted as function of the

tangential field strength H;. A typical Barkhausen noise profile M(H;) is shown in Figure 1.

Fig.1: Hysteresis curve and magnetic Barkhausen noise profile M(H,)-curve

By measuring the maximum amplitudes of the Barkhausen noise signals Myax the stress states of
the ferrite phase of steel can be analyzed. MRS of 11" order interact with the magnetic structure.
The micro-magnetic theory appoints that the macroscopic hysteresis is produced by the microscop-

ic Bloch wall movements and their interaction with the microstructure and stress fields.

2.2 Integral Load-Stress Related Barkhausen Noise
The micro-magnetic concept to characterize MRS is based on load-stress-dependent Barkhausen
noise measurements [3], [4]. The maximum of the Barkhausen noise amplitude obtained during one

hysteresis cycle is recorded as a function of the load induced tensile load stress. These series of



Barkhausen noise maxima related to the applied tensile stress again reach a relative maximum. A
shift of this relative maximum along the stress axis can be observed as a measure for the change of
the micro (or macro) residual stress state. A measurement technique based on this effect permits
the quantitative characterization of residual stress without the use of a reference method such as X-
Ray diffraction [3]. So far the superimposed residual stress is of the tensile type, the Barkhausen
noise activity of the iron-based materials is more enhanced than in the stress-free state and the
curves reach their maximum sooner, i.e. the curve shifts to the left-hand side (Fig. 2, grey curve)
and in the other direction in case of the superimposed compressive stresses (Fig. 2, dotted grey

curve).

Fig. 2: Schematically represented shift of the tensile load stress dependence of the maximum Bark-
hausen noise amplitude (Myax(c)-curve) for a higher tensile residual stress state (grey curve) and

for a higher compressive residual stress state (dotted grey curve)

In case of a material which contains compressive MRS superimposed with tensile MRS the maxi-

mum of the Myax(c) curve shifts as follows:

1) The occurrence of the compressive MRS cause a shift of the maximum of the Myax(c)
curve in comparison to the stress-free state (black curve) to the right-hand side along the
load stress axis.

2) Further on the occurrence of the tensile MRS causes a shift of the maximum of the Myax(c)

curve in comparison to the stress-free state to the left-hand side along the load stress axis.

3. Investigated materials

For the present study binary Fe- Cu alloys were investigated. In order to obtain precipitation hard-
ened alloys, a typical heat treatment was performed: (1) solution annealing in the monophase area
at 850°C for 2 hours in a vacuum furnace, (2) quenching into water and (3) thermal ageing in the
two-phase area at 500°C for 390 minutes and 1500 minutes [5-9]. The temperature and time pa-
rameters were determined by means of Monte-Carlo simulation at Institute for Materials Testing,

Materials Science and Strength of Materials, University of Stuttgart [10].



During the thermal ageing Cu precipitates nucleate, grow and change their microstructure from
b.c.c. (coherent with the Fe matrix) into f.c.c. (incoherent with the Fe matrix). Small and coherent
precipitates cause the increase of the hardness and of the MRS of 11" order whereas incoherent

precipitates cause the decrease of the hardness and of the MRS of 1" order (Fig. 3).

Figure 3: Comparison between the hardness (HV5) and the micro residual stresses during increas-

ing thermal ageing time for the Fe-1.0wt.%Cu

Small angle neutron scattering (SANS) measurements performed after thermal ageing for 390
minutes are presented in the table 1 and show that the thermal ageing corresponding to the maxi-
mum of the hardness caused coherent Cu particles. Cu particles having a radius smaller the 4 nm

are coherent with the surrounding Fe matrix.

Table 1. Results from the SANS measurements on Fe-1.0wt.%Cu after thermal ageing at
500 °C / 390 min

The MRS of I order are caused by the mismatch in the lattice parameters between Cu and Fe.
The fact that the lattice parameter of Cu is larger than that of Fe, causes coherent micro residual
tensile stresses of 11 order in the a-Fe matrix. The MRS of I order increase during nucleation
and formation of the coherent Cu particles and decrease during the transformation of the coherent
Cu particles into incoherent Cu particles.

Additionally to the MRS of N order the precipitation of Cu causes thermal induced MRS of [
order. The MRS of 1I"® order are caused by the difference between the thermal expansion coeffi-
cient of Fe and Cu. The fact that the thermal expansion coefficient of Cu is larger than that of Fe,
causes compressive MRS of 11" order in the a-Fe matrix. The MRS of 1® order don't change dur-

ing the thermal ageing.

4. Experimental setup

In order to evaluate MRS load-dependent Barkhausen noise measurements were performed includ-
ing instrumentation for recording of micro-magnetic parameters under superimposed tensile load [3,

4]. The samples were cylindrical, 80 mm length and 6 mm diameter. The samples were magnetized



in the axial direction. The Barkhausen noise signals were excited by an alternating magnetic field
which was applied to the sample by means of an electromagnet. The measurements parameters
were: Hyox = £75A/cm and fg = 0.05Hz. To acquire the Barkhausen noise signals and to suppress
the influence of the exciting magnetic field, two air-coils were used in differential mode. The noise
signals’ induced voltage was recorded as a function of the tangential field strength, the resulting
Barkhausen noise profile was then analyzed with regard to profile peaks and their associated mag-
netic field strengths. In order to record the Myax(c) curves 10 Barkhausen noise profile curves were

cycled and averaged in order to enhance signal/noise-ratio [11].

Fig. 4: Experimental set-up diagram

5. Results and Discussions

In order to detect the MRS of Il order Barkhausen noise measurements under superimposed

tensile load stress on Fe-Cu samples were performed. Coherent Cu precipitates formed after the

thermal ageing two different kinds of micro residual stresses in a ferritic matrix (see chapter 3).

In order to detect the MRS induced by the precipitation of the coherent Cu particles and to eliminate

the influence of the compressive RS of I* order induced by quenching and of the MRS of 1" order,

induced by coherent Cu particles the micro magnetic measurements were performed in three steps

(Fig. 5) as follows:

Step 1: Measurements after quenching — in that state the only influence on the micro magnetic
measuring quantities is due to the compressive RS induced by quenching into water after
the solution heat treatment temperature (Fig. 5, curve - 0min/500°C: A).

Step 2: Measurements after the thermal ageing, when coherent Cu particles form and induce micro
residual stresses of 1" and 11 order (Fig. 5, curve - 390min/500°C: B).

Step 3: Measurements after the thermal ageing, when coherent Cu particles transform into incoher-
ent Cu particles and therefore the MRS of 1 order disappear and the MRS of 11" order
remain in the Fe matrix (Fig. 5, curve — 1500min/500°C: C).

Furthermore, in order to determine only the precipitation-induced MRS of 1" and 11 order and to

eliminate the influence of the quenching, the shift (Ac) between the Myax(c) curve measured after



the thermal ageing and the Myax(c) curve measured after the quenching was calculated. That shift
represents the precipitation-induced MRS of 1" and 11" order:
A-B=MRS I+ MRS Il (Eq. 1)
In order to determine the MRS of 11 order the MRS of I order have to be known. The shift be-
tween the Myax(c) curve corresponding to the as-quenched state and the Myax(c) curve corre-
sponding to the second thermal aged state (1500min/500°C) represents the MRS of 1" order be-
cause after 1500 min at 500°C the Cu precipitates transform from coherent into incoherent particles
and the MRS of 11" order disappear:
A-C=MRS ™ (Eq. 2)
The measured shift between the Myax(c) curve after the first thermal ageing (390min/500°C) and
the Myax(c) curve corresponding to the second thermal aged state (1500min/500°C) represents the
MRS of 1lI'" order:
MRS Il = (A-C) — (A-B) (Eq. 3)

MRS I"=B-C (Eq. 4)

Fig. 5: Experimentally determined tensile load stress dependence of the maximum Barkhausen
noise amplitude (Myax) of a Fe-1.0%Cu-alloy for the as-quenched state, a thermal aged state con-

taining only coherent Cu particles and a thermal aged state containing only incoherent Cu particles

As Eq. 4 shows in order to determine the precipitation induced MRS of 1 order it is necessary to
measure the Myax(c) curve of an overaged state (Ostwald ripening) and the Myax(c) curve during

the early stage of precipitation.

6. Conclusions

A testing method based on micro-magnetic measurement techniques was developed to determine
guantitatively MRS of ™ order. The developed test method allows a quantitative determination of
RS without the need for a reference method such as the X-ray RS measurement. Therefore, this
testing technique opens a wide range of possible industrial applications provided that loading can

be performed.
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