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ABSTRACT  

Residual stresses were measured in rectilinear aluminium bars quenched using an aqueous 

polyoxyethylene glycol (PAG) solution or cold-water. Residual stresses were measured with neutron 

diffraction and a superposition based method using mechanical strain release measurements. Three 

orthogonal stress components were measured along two transverse lines using neutron diffraction. The 

longitudinal residual stresses were mapped over a transverse cross section using the contour technique. 

A primary slice removal technique mapped three orthogonal residual stresses over a transverse cross 

section in the PAG extrusion. Residual stresses were found to vary from biaxial compressive in the part 

boundaries to triaxial tensile in the interiors. There was close correlation between the neutron diffraction 

and mechanical strain release techniques. PAG quenching demonstrated lower residual stresses. 

Keywords: Residual stress; quenching; aluminium alloy; PAG quenching; cold water quenching; 7050; 

contour technique; primary slice removal mapping 

1. INTRODUCTION 

Aluminium alloys have been the dominant aerospace structural material since Alfred Wilm 

discovered precipitation hardening in 1906.1, 2 This era now appears to be coming to a close, as 

composites are finding use for fuselage, wing, and empennage of large passenger aircraft. However, 

aluminium continues to be an outstanding material choice for many structural applications.3, 4 This is 

especially true where its isotropy and performance in compression can be exploited.5 7050 is one of the 

established aluminium alloys that has been used in many aircraft components. Available in most product 

forms, the alloy was developed with improved resistance to stress corrosion cracking and low quench 

sensitivity in mind so that it could be used for both thick plate and forging applications.6 

All aerospace aluminium alloys are heat treated as part of the precipitation hardening process. The 

critical step is rapid quenching to produce a super saturated solid solution that can be subject to a 

controlled decomposition known as aging. Thermal gradients induce non-uniform plastic deformation 

during quenching which result in large magnitude residual stresses. A variety of methods exist to 

minimize the impact of these residual stresses.7 For semi-finished product forms, these revolve around 

the application of plastic deformation by stretching or cold compression. For complex geometries, it is 
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more difficult to plastically deform the product so the thermal gradients must be managed by using less 

aggressive quenching regimes. The most common quenchant, after water, is an aqueous solution of 

polyoxyethylene glycol known as PAG or polymer. PAG was introduced in the 1960s and is now 

established as the most effective route to reduced distortion in slender shaped products.8-10  PAG has an 

inverse solubility in water and when the temperature exceeds ~70°C it is precipitated from solution. 

When quenching into a solution of PAG, a film is formed around the work piece. It is the more uniform 

heat transfer through this film and the increased ease of rewetting of the aluminium surface that is 

reported to result in reduced residual stress and distortion.11 The thickness of the polymer film will 

depend on the solution heat treatment temperature, the concentration of PAG, the relative heat capacities 

of the piece and the quenchant, and the temperature of the quenchant. For a given work piece geometry, 

the concentration of PAG can be varied to alter the cooling rate between a boiling water quench and a 

cold water quench. PAG successfully lowers residual stress and subsequent distortion while maintaining 

acceptable mechanical properties when compared to water quenching (T<60°C).12 PAG type products 

are increasingly popular for quenching of thin section or complex shapes where mechanical methods of 

stress relief are not applicable and hot or boiling water quenching would result in too great a reduction in 

mechanical properties. The reduction in strength associated with PAG quenching is a function of many 

variables but is illustrated in Fig. 1 for 7075 aluminium rectilinear forgings. The tensile properties 

arising from quenching into three PAG concentrations at 30°C are compared to cold water and boiling 

water quenched properties.13 7075 aluminium is a quench sensitive alloy, as demonstrated by the large 

loss in strength exhibited in the boiling water quenched forging. In contrast, the PAG quenched forgings 

suffered a far smaller drop in strength for both the 25 and 100 mm thick forgings especially at the lower 

concentrations. Commercial practice usually results in at least two concentrations of PAG being offered. 

Thin gauge or slender shaped products typically use PAG quenchants at a concentration of 25-40% 

while for heavy section forgings it is 10-20%. Recent developments of PAG type media include 

alternative quenchants that can be used at higher temperatures and lower concentrations to lessen the 

environmental impact.14 

As previous work has shown, PAG and cold water quenching can result in materials that exhibit 

similar strength levels, but the differences in the resulting residual stresses have not been fully 

researched. In this investigation, we wish to determine the difference in the final residual stress state for 

both a 16% PAG concentration and cold water quenching as a function of all three normal stress 

components. To do so, measurements have been made with neutron diffraction and a relatively new 

mapping technique using mechanical stress release measurements and superposition, called primary 

slice removal (PSR) mapping. The PSR mapping measurement in this paper is the most comprehensive 

to date, since it measures all three orthogonal stress components. From a practical engineering 

perspective, the use of both diffraction and mechanical measurement techniques provides confirmatory 

data, and confidence in the measured stresses. Furthermore, the neutron diffraction residual stress 

measurements provide a means to validate the new PSR mapping technique, and builds on previous 

validation efforts.15, 16 

2. METHODS 

2.1. Sample description 

Measurements were performed on two aluminium bars that were cut from 50.8 mm (2 in) thick and 

76.2 mm wide 7050 aluminium extrusions. The original length of both bars was 609.6 mm (24 in). Each 

bar was received in the T7451 condition, being stress relieved by stretching and then over aged. To 

introduce a higher residual stress state, both bars underwent a subsequent solution heat treatment of 3 
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hours at 477 °C followed by immersion quenching into a room temperature quenchant. Each bar used a 

different quenchant; one bar used normal water and will be notated as the cold water quench (CWQ) bar, 

and the other bar was quenched into an aqueous solution of 16% polyoxyethylene glycol (PAG) (Aqua-

Quench 260, Houghton International Inc.) and will be notated as the PAG quenched bar. The additional 

over aging treatment was representative of that used for the T74 temper17, and consisted of a dual 

artificial age at 121°C for 8 hours followed by 177°C for 8 hours. A recent investigation has shown that 

stress relief will not occur at the initial aging temperature of 121°C, but will take place at 177°C.18 The 

amount of stress relief caused by over aging will be in the range 20-35% but in this study, both 

extrusions will be similarly affected. 

The coordinate system used for residual stress measurement has an origin at the bottom left hand 

corner of the bar cross section at the mid-length of the bar, with positive x along the 76.2 mm width, to 

the right (the long transverse, LT dimension of the extrusion), positive y along the 50.8 mm thickness 

(the short transverse, ST dimension of the extrusion), and positive z along the length of the bar (the 

longitudinal, L dimension of the extrusion), as shown in Fig. 2.  

The microstructure of the PAG quenched bar consisted of long, rod like grains as shown in Fig. 3. 

The cross-section of the grains in the short-long transverse plane were approximately 75 μm in the long 

transverse direction and 100 μm in the short transverse direction. The grains were very long in the 

extrusion direction, around 500-1000 μm. The grains contained a substructure and both sub grain and 

grain boundaries were decorated with fine second phase MgZn2 () precipitates formed during 

quenching. The intragranular precipitates arising from aging were not resolvable in the optical 

microscope. 

2.2. Primary slice removal mapping measurements 

The goal of the primary slice removal mapping measurements is to determine multiple components 

of the residual stress along a selected measurement plane. Since there are several part configurations, 

Fig. 4 shows the stress decomposition of the initial stress into each part that is measured. The 

nomenclature used to denote the stress in each part configuration, is given as σ(x, y, z), with a 

superscript notating the configuration (A, B, C) or the stress release (i, ii), for all stress components, at 

the specified spatial location (x, y, z). With the given nomenclature, the goal of the biaxial mapping 

measurements can be more precisely stated as measuring σA
xx(x, y, z), σA

yy(x, y, z), and σA
zz(x, y, z) at the 

plane of interest (z = 0). The theoretical background of PSR mapping was initially published in15 and a 

summary is given here.  

The biaxial mapping measurement consists of several steps and is graphically summarized in Fig. 4. 

The measurement steps consist of cutting the bar in half, changing the bar from the initial configuration 

(configuration A in Fig. 4) to a half bar (configuration B in Fig. 4). During the configuration change 

from A to B, stress was released and is denoted as σi(x, y, z), which was measured with the contour 

method. The next step is to remove several thin-slices adjacent to the contour method measurement, as is 

shown in configuration C in Fig. 4. The stress released during the configuration change from B to C, 

σii(x, y, z), is not directly determined as will be described below. Stress in configuration C is determined 

using slitting (aka, incremental slitting, crack compliance method). With all the configuration changes 

described, the superposition used to determine the initial stress is 

σA(x, y, 0) = σi(x, y, 0) + σB(x, y, 0) = σi(x, y, 0) + σii(x, y, 0) + σC(x, y, 0).  (1) 
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A diagram of the all the sectioning steps is shown in Fig. 5 to more easily understand the configuration 

changes.  

For parts where the out-of-plane stress (σA
zz) does not vary with the out-of-plane direction, the stress 

in the initial configuration can be decomposed15 into 

σA(x, y, 0) = σA(z)(x, y, 0) + σC(x, y, 0) (2) 

where σA(z) is a theoretical construct that gives the change in stress that would occur in a thin slice 

removed from a part, which would cause the release of the out-of-plane stresses in the slice. This stress 

is the sum of σi and σii, and will be notated as the primary slice removal stress. To determine the primary 

slice removal stress only σi
zz(x, y, 0) and σii

zz(x, y, 0) will be needed, since only the out-of-plane stress 

components are needed to determine A(z).  

2.2.1. Contour method measurements, σi 

The release stress, σi
zz(x, y, 0) is measured with the contour method. Theoretical background for the 

contour method can be found in19 and the experimental details for these aluminium bars are given 

below.  

At each contour measurement plane, the bar was sectioned in half using a wire EDM on a low power 

setting designed for finishing cutting. While cutting the sample, it was rigidly clamped to the EDM 

frame. After cutting, the surface height profile as a function of in-plane position was measured using a 

laser scanning profilometer for each section. The measurement spacing of the surface profile was on a 

200 μm grid. The two surface profiles were then averaged and fitted to a smooth analytical function. The 

level of smoothing was selected by choosing the number of terms in the analytical function during data 

reduction.  

The negative (mirror image) of the smoothed, averaged surface profile was then applied as a 

displacement boundary condition to a linear elastic finite element model of the cut specimen. The finite 

element mesh used eight-node, linear interpolation brick elements with a node spacing of 1 mm along 

the cut plane with a bias mesh away from the cut plane. The mesh was sufficiently refined such that 

when the node spacing is reduced there is negligible change in stress. A Young’s modulus (E) of 71.0 

GPa and a Poisson’s ratio (ν) of 0.33 were used in the finite element model.20, 21 

Three contour measurements were made in the CWQ and five were made in the PAG quenched bars 

and the measurement locations are shown in Fig. 2. The first contour method measurement in both bars 

cut the bar at the mid-length (plane 1, z = 0), followed by contour measurements at the mid-length of 

each of the remaining half bars (planes 2A, 2B, z = -152.4 mm, 152.4 mm). For the PAG quenched bar, 

two additional contour measurements were made at the mid-length of two of the quarter bars (planes 3A, 

3B, z = 76.2 mm, 228.6 mm). The distance between measurements is such that there is no effect of 

previous measurements on subsequent measurements (confirmed in the contour method results in 

previous measurements). Only the PAG quenched bars were used to complete the in-plane stress 

mapping measurements (the CWQ bar measurements concluded with the three contour method 

measurements; therefore only the σzz component of residual stress was captured for the CWQ extrusion).  

In addition to determining σi
zz(x, y, z) during the contour method stress calculation step, all normal 

components of σi(x, y, z) are automatically determined (i.e., σi
xx(x, y, z), σi

yy(x, y, z), σi
zz(x, y, z)) at all 

spatial locations in the bar. This is because the contour method cut will release some in-plane stresses 

due to a Poisson effect and this will contribute to the surface profile measured to calculate stress. 
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Similarly, the in-plane stress release is also quantified in the finite element model used to calculate the 

out-of-plane stress release, since the stress release from both the in-plane and out-of-plane components 

contribute to the measured surface profile.  

2.2.2. Primary slice removal stress, σA(z) 

To determine σA(z), both σi
zz(x, y, 0) and σii

zz(x, y, 0) are needed. However, during the σi 

measurement, a stress-free surface was created at z = 0, which forces σzz in all subsequent configurations 

and stress release steps to be zero. Therefore, only σi
zz(x, y, 0) is needed to determine σA(z).  

The finite element simulation used to compute the primary slice removal stress used the same 

geometry of the slices in configuration C, but with half-thickness symmetry. The total out of plane 

stress, as was determined as σi
zz(x, y, 0) was applied as a traction boundary condition on the face of the 

slice and the resulting stress after equilibrium gives σA(z). The analysis used a mesh consisting of eight-

node, linear interpolation brick elements with a global node spacing of 0.5 mm, which resulted in six 

elements through the slice thickness for a total of roughly 78,000 elements. The mesh was sufficiently 

refined such that when the node spacing is reduced there is negligible change in stress. The analysis used 

the earlier stated elastic material properties.  

2.2.3. Slitting measurements 

Slitting was used to determine the stress remaining in the slices of configuration C. In total eleven 

slices were used to determine σC
xx and five slices were used to determine σC

yy, with each slitting 

measurement line shown in Fig. 7. All slices were 6.35 mm (0.25 in) thick and eight slices were 

removed from each side of the plane of interest using a wire EDM.  

Only one slitting measurement was made on each slice. The measurements consisted of adhering a 

strain gauge (gauge length of 1.5 mm) on the back face of the slitting measurement plane, incrementally 

cutting a slit into the slice, and measuring the resulting strain after each cut increment. The slit cut all 

through the slice thickness in the z-direction. For σC
xx, cutting started at y = 0 and ended at y = 71.12 mm 

with measurements at x = 6.35, 12.7, 19.05, 25.4, 31.75, 38.1, 44.45, 50.8, 57.15, 63.5, 69.85 mm (Fig. 

7); similarly σC
yy cutting started at x = 0 and ended at x = 47.498 mm with measurements at y = 19.05, 

25.4, 31.75, 38.1, 44.45 mm (Fig. 7). Using the strain versus cut depth data, stress is calculated using an 

elastic inverse22, with Tikhonov regularization23 to minimize the effect of noise in the data.  

2.3. Neutron diffraction 

Measurements were made following the guidelines present in recently published papers.24-26 Neutron 

diffraction was performed on the strain scanning instrument, E3 (HZB, Wannsee, Berlin, Germany). A 

sampling gauge volume of 5 x 5 x 2 mm3 was used. The relatively large gauge volume was required to 

counter crystallographic texture limiting the diffracted intensity of the peak in certain measurement 

directions. The gauge volume was defined by the incident beam slit width (5 mm), slit height (5 mm), 

and the diffracted beam radial collimators (2 mm). The extrusions were positioned on the instrument 

stage to permit measurements of strains in the three primary working orthogonal directions. These 

directions were assumed to be the principal stress directions, being coincident with the direction of 

maximum heat flow out of the extrusion surfaces during quenching. The strain measurements originated 

from the vertex at the centre of the 146 mm (longitudinal, L, z) x 76 mm (long transverse, LT, x) x 52 

mm (short transverse, ST, y) extrusions, moving out to the surfaces in the LT and ST directions only 

(i.e., measurements were made in the x-y plane). Strain measurements were made at 15 points along a 
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line in the LT direction and 11 along in a line in the ST direction. Nine strain free reference cubes with a 

side length of 5 mm were extracted from the end faces of each extrusion by electro-discharge 

machining. The {311} peak positions were converted to residual strains and then to stresses using the 

standard three-dimensional Hooke’s law.27 A Young’s modulus (E) of 70.0 GPa and a Poisson’s ratio (ν) 

of 0.3 were used in all the calculations. Multiple (repeatability) neutron diffraction measurements on the 

blocks and the associated stress free samples allowed an estimation of one standard deviation random 

uncertainties as ±30 MPa. These uncertainties were typically larger than the statistical errors arising 

from peak fitting which are shown in the figures below. 

3. RESULTS 

The longitudinal stress, σzz, in the CWQ bar measured with the contour method can be seen in Fig. 9, 

which includes the measurements from all three cuts and the mean. The results show all three 

measurements are very similar, with large compressive stresses along the boundary of the part with a 

minimum around –200 MPa and with tensile stresses in the part interior with a maximum around 225 

MPa. Line plots of the longitudinal stress in the CWQ bar measured with the contour method and 

neutron diffraction are shown in Fig. 10. The line plots better illustrate the stress distribution present in 

the bar; where along the x-direction the stress has a roughly parabolic distribution and along the y-

direction the stress has a roughly sinusoidal distribution. The line plots show the magnitude of the 

compressive stress is larger at the x-direction edges (minimum of -200 MPa) compared with the 

y-direction edges (minimum of -100 MPa). Results from the two residual stress measurement techniques 

are in good agreement.  

The longitudinal stress, σzz, in the PAG quenched bar measured with the contour method can be seen 

in Fig. 11, which includes all five measurements and the mean. The results show all five measurements 

are very similar, with large compressive stresses along the boundary of the part with a minimum 

around -175 MPa and with tensile stresses in the part interior with a maximum around 175 MPa. Line 

plots of the longitudinal stress in the PAG quenched bar measured with the contour method and neutron 

diffraction are shown in Fig. 12. The stress distribution present in the PAG bar also has a roughly 

parabolic distribution in the x-direction and a roughly sinusoidal distribution in the y-direction. The line 

plots also illustrate that the magnitude of the compressive stress is larger at the x-directions edges 

(minimum of -175 MPa) compared with the y-direction edges (minimum of -100 MPa). The residual 

stress magnitude in the PAG quenched bar has been reduced 14% and 18% compared to the CWQ bar 

using the contour method measurements (average of all spatial locations) and neutron diffraction 

measurements, respectively.  

The long transverse stress, σxx, found with PSR mapping in the PAG quenched bar is shown in Fig. 

13. The stress remaining in the slice, σC
xx, has compressive stresses along the boundary of the 

measurement area with a minimum around -90 MPa and tensile stresses in the part interior with a 

maximum around 70 MPa. The primary slice removal stress, σA(z)
xx, has a similar distribution, but with 

lower magnitudes. The minimum compressive stress along the part boundary is -25 MPa and the 

maximum tensile toward the part interior is 30 MPa. The stress in the initial part configuration, σA
xx, also 

has compressive stresses along the boundary of the measurement area with a minimum 

around -115 MPa and tensile stresses in the part interior with a maximum around 100 MPa. Line plots of 

the long transverse stress in the PAG quenched bar measured with PSR mapping and neutron diffraction 

are shown in Fig. 14. Similar to the longitudinal stress, the stress distribution in the long-transverse 

direction also has a relatively flat parabolic distribution in the x-direction and a roughly sinusoidal 
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distribution in the y-direction. The line plots show that the stress distribution has a strong spatial 

dependence.  

The short transverse stress, σyy, found with PSR mapping in the PAG quenched bar is shown in Fig. 

15. The stress remaining in the slice, σC
yy, has compressive stresses along the boundary of the 

measurement area with a minimum around -155 MPa and tensile stresses in the part interior with a 

maximum around 20 MPa. The primary slice removal stress, σA(z)
yy, has a somewhat similar distribution, 

but with lower magnitudes, with a minimum compressive stress along the part boundary of -15 MPa and 

a maximum tensile stress toward the part interior at 10 MPa. The stress in the initial part configuration, 

σA
yy, also has compressive stresses along the boundary of the measurement area with a minimum 

around -175 MPa and tensile stresses in the part interior with a maximum around 30 MPa. Line plots of 

the short transverse stress in the PAG quenched bar measured with PSR mapping and neutron diffraction 

are shown in Fig. 16. Different from the longitudinal and long transverse stresses, the stress distribution 

in the short transverse direction has a parabolic distribution toward the x-direction edges and is then flat 

over most of the interior, and also roughly flat along the y-direction.  

These measurements also provide the opportunity to compare the residual stress using different 

quenchants. A comparison between the CWQ and the PAG quenched bars for the longitudinal stress, 

σA
zz, can be seen in Fig. 17. As would be expected the stresses in the PAG quenched bar have lower 

magnitudes.28. It is interesting that the measured longitudinal stresses along the part boundary show 

similar levels of compressive stress around -200 MPa. A comparison of the long transverse stress, σA
xx, 

can be seen in Fig. 18 and of the short transverse stress, σA
yy, in Fig. 19. Both measured stress 

components in the PAG quenched bar have systematically lower magnitudes than found in the CWQ 

bar. For the long transverse stress, σxx, the neutron diffraction measurements show a 24% reduction in 

residual stress magnitude between the PAG and cold-water quenched bars on average. For the short 

transverse stress, σyy, the neutron diffraction measurements show essentially no reduction in residual 

stress magnitude between the PAG and cold-water quenched bars on average. 

4. DISCUSSION 

The stresses measured with PSR mapping and neutron diffraction both show stresses that are typical 

of quenched aluminium with large magnitude compressive stress along the part boundary and large 

magnitude tensile stress toward the centre of the quenched cross-section.29-31. One unique advantage of 

both PSR mapping and neutron diffraction is that they are able to measure multiple components of the 

stress tensor over a range of spatial locations. PSR is unique among all residual stress techniques that it 

provides a map of multiple stress components.  

Overall the agreement between PSR mapping and neutron diffraction is very good, as is shown in 

the line plots of Fig. 10, Fig. 12, Fig. 14, and Fig. 16. As the plots show, both measurement techniques 

are capturing the same trends in the residual stress spatial distribution, with most measurements within 

40 MPa of one another (the largest difference is around 100 MPa). Overall, the neutron diffraction 

results appear to systematically display larger magnitudes than the PSR mapping results.  

The magnitude of the reduction in residual stress caused by quenching into PAG as determined here 

(14 to 18% for the longitudinal stress) is smaller than would be expected from the literature. Other 

investigations suggest up to a 45% reduction in residual stress is possible for a 16% PAG 

concentration.32, 33. However, there are other factors that can influence the efficacy of the PAG quench 

including sample size, immersion rate, agitation of the quenchant, maintenance of the quenchant 

chemistry. 
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The choice of appropriate elastic constants for the calculation of stress from strain is important. For 

neutron diffraction the specific values for each crystallographic direction can vary immensely, 

depending on the elastic anisotropy of the material. Pure aluminium has very low elastic anisotropy, 

implying values close to the bulk values are expected. For instance, pure aluminium has a bulk Young’s 

Modulus of E=70.6 GPa, and Poisson’s ratio of ν=0.345.34 The corresponding specific values (for all 

reported interatomic planes) vary over a small range Ehkl = 67-73 GPa and νhkl = 0.35-0.36 both being 

close to the bulk value.35Aluminium alloys appear to have a similar bulk Young’s modulus to pure 

aluminium but smaller values for Poisson’s ratio. Assuming the alloys also have a low elastic 

anisotropy, then the corresponding specific νhkl values should also have lower values. Measured values 

for 7050 using neutron diffraction report E311 = 71.1 GPa and ν311 = 0.34.36 Bulk values for 7050 provide 

values of E = 70 GPa and ν = 0.33.37, 38 

Depending on the values of strain, differences in the value of the Poisson’s ratio can make a 

significant difference. Using the example of the longitudinal stress value at y = 25mm (Fig. 12b), the 

neutron strain values are zz (L) = 2202 ± 81, xx (LT) = 830 ± 186 and yy (ST) = -1014 ± 144 µm/m. 

Using moduli values of E311 = 70 GPa and ν311 = 0.33 would give a longitudinal σzz (L) stress value of 

219 ± 15 MPa, whereas using values of E311 = 71.1 GPa and ν311 = 0.34 would give a longitudinal stress 

value of 231 ± 16 MPa. It is therefore important to find the most appropriate value of elastic constants 

for the particular material. If values are hard to obtain, then measuring the elastic constants in-situ in a 

stress rig could be a possibility. In this investigation E=70 GPa and ν = 0.3 were used for the neutron 

diffraction calculations. These elastic constants have been found by the authors to offer the best 

agreement between neutron diffraction and other residual stress measurement techniques, including x-

ray diffraction, incremental centre hole drilling and deep hole drilling for 7000 series alloys. 

 

5. SUMMARY/CONCLUSIONS 

Residual stresses were measured in two aluminium bars using different quenchants. One used cold 

water and the other a PAG solution. All three normal stress components over a cross-sectional plane 

were measured with both neutron diffraction and a relatively new superposition based method using a 

series of mechanical strain release measurements that is called primary slice removal mapping.  

The measured residual stresses found from PSR mapping and neutron diffraction are in general 

agreement, with the neutron diffraction measuring somewhat larger magnitudes than the stresses 

measured with PSR mapping. The results show the stresses in the PAG quenched bars have 

systematically lower residual stresses. The stress in all three normal components has compressive stress 

along the part boundary and tensile stress toward the centre of the part.  

The longitudinal stress, σzz, has a parabolic distribution along the x-direction and a sinusoidal 

distribution along the y-direction, where the stresses range from –200 MPa (part boundary) to 225 MPa 

(part centre) in the CWQ bar and from –175 MPa (part boundary) to 175 MPa (part centre) in the PAG 

quenched bar.  

The long transverse stress, σxx, has a relatively flat parabolic distribution along the x-direction and a 

sinusoidal distribution along the y-direction, where the stresses range from –100 MPa (part boundary) to 

200 MPa (part centre) in the CWQ bar and from –50 MPa (part boundary) to 125 MPa (part centre) in 

the PAG quenched bar.  
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The short transverse stress, σyy, has a relatively flat parabolic distribution along the x-direction and a 

very flat distribution along the y-direction, where the stresses range from –25 MPa (part boundary) to 

150 MPa (part centre) in the CWQ bar and from –75 MPa (part boundary) to 100 MPa (part centre) in 

the PAG quenched bar.  
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FIGURES 

 

Fig. 1 – Effect of concentration of PAG quenchant upon the short transverse 0.1% and 0.2% yield 

strength and ultimate tensile strength of 25 and 100 mm thick forgings of 7075. Solution heat treated 4 h 

at 460°C and aged 12 h at 135°C [12] 

 

 

Fig. 2 – Bar dimensions and measurement locations  
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Fig. 3 – Grain structure in the PAG aluminium sample. The grains are rod like with typical cross-

section dimensions of 75 μm by 100 μm with a length of 500-1000 μm 

 

 

Fig. 4 – Experimental step diagram. The initial configuration (A) is cut in half to the B configuration 

and the stress release i is found with the contour method. A slice (configuration C) is then removed 

from the B configuration. The stress release ii is not directly found, but could be found as ii = A - 

C - i = A(z) - i. Plane of interest (z=0) is shown as a hatched plane 
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Fig. 5 – The sectioning steps used the in the biaxial mapping experiment. Plane of interest (z=0) is 

shown as a hatched plane 

 

 

Fig. 6 – Stress decomposition diagram. The original stress (A) is equal to the stress remaining in a 

thin slice (C) plus the effect of total longitudinal stress on the thin slice (A(z)). Plane of interest 

(z=0) is shown as a hatched plane 
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(a) (b) 

Fig. 7 – Slitting plane locations for (a) σC
xx and (b) σC

yy. Strain gauges are shown as thick lines on 

bottom of slice for σC
xx and on the right hand side of the slice for σC

yy. The slitting direction for σC
xx 

begins at the bottom of the slice and cuts towards the top and the slitting direction for σC
yy begins at 

the left of the slice and cuts towards the right. The maximum cut depth is indicated with an ×. 

 

  

(a) (b) 

Fig. 8 – Neutron diffraction measurement point locations (a) alone and (b) shown in conjunction 

with the slitting locations 
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(a) (b) 

  

(c) (d) 

Fig. 9 – Cold water quenched contour method measurements of longitudinal stress (σzz) (a) cut 1, (b) cut 

2A, (c) cut 2B, and (d) mean 

 

  

(a) (b) 

Fig. 10 – Cold water quenched longitudinal stress (σzz) line plots (a) along the x-direction at y = 38.1 

mm and (b) along the y-direction at x = 25.4 mm 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 11 – PAG quenched contour method measurements of longitudinal stress (σzz) (a) cut 1, (b) cut 2, 

(c) cut 3, (d) cut 4, (e) cut 5, and (f) mean 

 



 16 

  

(a) (b) 

Fig. 12 – PAG quenched longitudinal stress (σzz) line plots (a) along the x-direction at y = 38.1 mm and 

(b) along the y-direction at x = 25.4 mm 
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(a) (b) 

 

(c) 

Fig. 13 – Mechanical PSR mapping measurements of the long-transverse stress (σxx) in the PAG 

quenched samples (a) slitting, (b) effect of the out-of-plane stress in the thin slice, and (c) total long 

transverse stress 
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(a) (b) 

Fig. 14 – PAG quenched long-transverse stress (σxx) line plots (a) along the x-direction at y = 38.1 mm 

and (b) along the y-direction at x = 25.4 mm 
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(a) (b) 

 

(c) 

Fig. 15 – Mechanical PSR mapping measurements of the short-transverse stress (σyy) in the PAG 

quenched samples (a) slitting, (b) effect of the out-of-plane stress in the thin slice, and (c) total long 

transverse stress 
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(a) (b) 

Fig. 16 – PAG quenched short-transverse stress (σyy) line plots (a) along the x-direction at y = 38.1 mm 

and (b) along the y-direction at x = 25.4 mm 

  

(a) (b) 

Fig. 17 – Comparison of the longitudinal stress between the CWQ and PAG quenched bars measured 

with the contour method and neutron diffraction (a) along the x-direction at y = 38.1 mm and (b) along 

the y-direction at x = 25.4 mm 
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(a) (b) 

Fig. 18 – Comparison of the long transverse stress between the CWQ and PAG quenched bars measured 

with PSR mapping and neutron diffraction (a) along the x-direction at y = 38.1 mm and (b) along the y-

direction at x = 25.4 mm 

 

 

  

(a) (b) 

Fig. 19 – Comparison of the short transverse stress between the CWQ and PAG quenched bars 

measured with PSR mapping and neutron diffraction (a) along the x-direction at y = 38.1 mm and (b) 

along the y-direction at x = 25.4 mm 
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