
International Conference on Quenching & Confrol of Distotfion, Cleveland, OH, USA/4-7 November 1996 .- 
C o l \ l F - q U N O - - f  

NEUTRON SCATTERING RESIDUAL STRESS MEASUREMENTS 
ON GRAY CAST IRON BRAKE DISCS 

Stephen Spooner, E. Andrew Payzant, Camden R. Hubbard 
Oak Ridge National Laboratory 

Oak Ridge, TN 37831-6064 USA 

"The submitted manuscript has been authored by a 
contractor of the U.S. government under contract 
No, DE-AC05-960R22464. Accordingly, the U.S. 
Government retains a nonexclusive, royalty-free 
license to publish or reproduce the published form of 
lhls contribution, or allow others to do so, for U.S. 
Government purposes." 

William T. Donlon, Gregory M. Vy[etel 
Ford Motor Company 

D e a h m ,  MI 48121-2053 USA 

Abstract 

Neutron diffraction was used to investigate the effects of a 
heat treatment designed to remove internal residual stresses 
in brake discs. It is believed that residual stresses may 
change the rate of deformation of the discs during severe 
braking conditions when the disc temperature is increased 
significantly. Neutron diffraction was used to map out 
residual strain distributions in a production disc before and 
after a stress-relieving heat treatment. Results from these 
neutron diffraction experiments show that some residual 
strains were reduced by as much as 400 microstrain by 
stress relieving. 

EXPERIMENTAL, MEASUREMENT of residual stresses 
is of considerable value to the prediction of in-service stress 
corrosion and fatigue crack growth. In addition, information 
as to the magnitude of the residual stress present after 
casting is also important, since these stresses result in 
distortion of cast components. 

It is believed that relaxation of residual stresses after 
high energy applications may lead to disc distortion. These 
distortions can produce an unacceptable phenomenon known 
as "brake judder". Some manufacturers incorporate a costly 
additional heat treatment step in an effort to relieve stresses 
in brake discs prior to final machining. However, as prior 
experiments had indicated that the residual stresses in 
production brake discs were not very great, it was decided to 
quantify and compare the residual stresses in brake discs 
manufactured with and without the additional heat treatment, 

Residual stress measurement by X-ray diffraction is a 
well established technique (1,2), but it is practically limited 

to near-surface stresses, whereas the deeply penetrating 
neutron radiation permits nondestructive diffraction 
measurement of lattice strain within the bulk of large 
specimens (3). The neutron dikct ion tescnique was 
therefore utilized to evaluate the residual stresses in brake 
discs and to assess the possibility for control of disc 
distortion, which may contribute to judder, by annealing the 
discs foliowing casting. 

Experimental Procedure 

Production samples of brake discs including a 
production sample given a stress-relieving heat treatment 
were provided for the first phase of residual stress 
measurements. In a second phase one of the production 
samples was given a stress-relief anneal (after having fmt 
been examined by neutron scattering) and then remeasured at 
the previously studied locations. This heat treatment 
consisted of a soak at 58OOC for 5 hours, followed by 
controlled cooling at 4 O O U h . r  to 30O0C, followed by air 
cooling to room temperature. This report focusses on the 
changes in the residual strains in the brake disc before and 
after this heat treatment. 

The brake disc, shown Fig. 1, may be visualized as a 
pair of annular rings, or discs, joined by a 8mm thick 
webbed structure that together composes the body 
contacting the brake calipers, as ilIustrated by the cross 
sectional view of Fig. 2. This structure is attached to the 
wheel hub. The inboard (car side) and outboard (mad side) 
discs are each 9mm in thickness. 

The measurements reported in this paper were made at 
the midthickness of the inboard disc, along a line extending 
from the inner diameter to the outer diameter of the disc. 
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Fig. 1 - Photograph of brake disc with outboard side to the 
front left and inboard side to back right. 

The material is a gray cast iron with a graphite flake 
microstructure where the spatial scale of the microstructure 
varies through the thickness of the material and presumably 
depends on the cooling conditions of these cast materials. 
The residual stress state under consideration arises during 
rapid non-uniform cooling of the cast metal and the 
associated differentials in thermal contraction. 

Crystallographic texture in the samples dictated the 
choice of the particular Bragg diffraction planes used in the 
neutron scattering strain measurement experiments. The 
number of grains contributing to the diffraction peak was 
increased by oscillating the sample a few degrees about the 
diffractometer axis during data collection when the scattering 
geometry permitted. 

Neutron scattering experiments were carried out on the 
HB-2 spectrometer at the High Flux Isotope Reactor (HFJR) 
of the Oak Ridge National Laboratory. The incident 
neutron beam was made monochromatic by diffraction from 
the (11.0) planes of a beryllium single crystal. Details of 
the method have been reported elsewhere (4). The scattering 
volume was defined by scattered beam apertures of 2mm 
width and either 2mm or lOmm height placed close to the 
diffractometer axis. Calibration of the difhctometer and the 
position-sensitive detector was determined using a nickel 
powder standard. 

INBOARD 

Fig. 2 - Schematic view of the cross section through the 
diameter of the brake disc. 

The axial and radial components of residual strain wece 
measured with a gauge volume having a 2mm by 2mm base 
and lOmm height. In the measurement of hoop 
components the gauge volume was a cube with 2mm sides. 
The sample was mounted on an automated X-Y-2 
translation table and the coordinates of the sampling 
positions were referenced with respect to the surfaces of the 
disc. The locations of the external surfaces of the disc were 
verified by making fitting an intensity-position scan using a 
non-linear fit to the intensity (5). 

Macroresidual strain is determined from the shift in 
lattice d-spacing of diffracting grains relative the d-spacing 
ofa  strain-free reference material. The strain is an average 
of the strains in the large number of difhcting grains 
within the sampling volume. Bragg's law relates the 
angular location of the difhction peak determined in the 
scattering measurement to the lattice d-spacing by: 

a 
d, =- 

2sin8, 

where h is the wavelength of the neutrons and 8hkl is one- 
half the scattering angle for a diffraction peak corresponding 
to the crystallographic Miller indices h,k,Z. The residual 
strain component is related to the shift in d-spacing by: 

d, -d& 
E =  

d& 

where d h  is the d-spacing of the stress-fire reference. 

The direction of the measured strain bisects the incident and 
scattered beams. Substitution of Bragg's law into this 
strain equation gives, equivalently: 

I &=-- sin 8& 
sin 8, 

Eq. 3 



which shows how a shift in the Bragg diffraction angle is 
used to calculate strain, The Bragg peak shift from a 
reference Bragg peak position is measured with a fixed 
position-sensitive proportional counter (PSD). The 
stability of the Bragg peak measurements in the course of a 
measurement campaign was monitored by repeated 
measurement of a fxed point in a reference coupon attached 
to the sample. 

An accurate Bragg peak measurement from a stress-free 
reference sample is required for accurate residual strain 
determination. In previous investigations (4) it has proved 
sufficient to use a small piece of base metal as a reference, 
since the removal of the mechanical constraints of the 
surrounding material is usually enough to reduce any 
remaining residual strain below the limits of detectability. 
In this investigation, the stress-free 28 angle reference was 
that measured in a thin slab of material cut from the inboard 
disc of an identically prepared "production" disc. 

The residual strains were measured in three mutually 
perpendicular directions. The radial component is directed 
along the radius of the disc, the axial (or normal) 
component along the disc axis and the hoop (or transverse) 
component along the tangent to and in the plane of the disc. 
The test locations were centered in the inboard side of the 
two-ring structure. The strains were determined as in Eq. 3, 
and multiplied by 1,000,000 to obtain values in common 
engineering units of microstrain. 

I 

Results and Discussion 

In the initial study of two production discs and a stress 
relieved disc it was apparent that the production discs 
exhibited significantly larger compressive strains in the 
locations studied than in the corresponding locations in the 
heat treated disc, as in Table I. This phase of the 
investigation examined strains at locations at the 
midthickness of both the outboard and inboard discs of each 
of the three discs. 

Table I. Strains recorded for brake discs (average of inboard and 
outboard midthickness measurements) 

I radial I hoop I axial 
"Production" I -195 ~ l &  I -210 J ~ E  I -190 JlE 

I "Annealed" I -45 J ~ E  I -20JlE I - 6 5 ~ ~  I 
A more detailed comparison of the strain distributions 

before and after annealing was carried out on one of the 
production discs. These strain components are plotted in 
Figures 3a, 3b, and 3c. All of the strain calculations utilized 
the same stress-free reference sample. 
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Fig. 3a. Radial strains on inboard disc 
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Fig. 3b. Axial (normal) strains on inboard disc 
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Fig. 3c. Hoop strains on inboard disc 

The error bars were calculated from the neutron 
counting statistics (representing +-1 esd) and do not attempt 
to represent any systematic variation that might be 
associated with grain size and texture. There appear to be no 
significant systematic trends in the strain variation along 
the center line of the inboard section of the brake disc. 



. -  ’ Variations in the strains for a given metallurgical conditions 
do not appear to exceed 2 or 3 error bar lengths. With the 
possible exception of the hoop strain data, the changes 
induced by heat treatment are significantly larger than the 
error bars. The isostatic strain, obtained from the sum of 
the three components, was compressive in the production 
disc and was reduced significantly after stress relief 
annealing. The material is a microcomposite structure and 
a complete assessment of residual stresses requires the 
evaluation of the strains in all components (ferrite, 
cementite and graphite). Partly for this reason stress 
estimates were not attempted in this report. 

While a correlation between distortion and residual 
strain was anticipated, it must be kept in mind that it is the 
release of residual stress which gives rise to distortion; the 
strain retained in a structure would probably correlate 
inversely with observed distortion under many 
circumstances. More work on the relation between 
distortion and residual stress is needed to achieve a 
quantitative understanding of distortion problems. 

Summary 

In an effort to find root causes for the brake judder in 
gray cast iron brake discs, the neutron scattering residual 
strain method was used to evaluate residual strains in 
selected points in a brake disc before and after stress relief 
annealing. A reduction in residual strain by as much as 400 
p& was observed. The greatest residual strain reductions 
were observed for the radial component, while a smaller 
change in the normal component from compression to 
tension and very little reduction in the hoop component was 
found. The average residual stress is clearly reduced by heat 
treatment. However, the magnitude of starting stresses is 
small and therefore the expectation of significant 
improvement with annealing has to be compared to the cost 
of annealing process. 
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