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0  INTRODUCTION

Residual stresses are locked-in stresses that remain 
in solid materials after the removal of the external 
cause of stresses [1]. Residual stresses are induced in 
components during most manufacturing processes, 
such as material deformation, heat treatment, 
machining, or processing operations that transform 
the shape or change the properties of the material [1]. 
They develop when a body undergoes inhomogeneous 
plastic deformation or is exposed to a non-uniform 
temperature distribution, such as in the case of 
welding, warm forming, casting, and quenching 
processes [2] to [4].

A material’s ability to resist fatigue, and crack 
initiation and propagation at ambient temperature, 
brittle fracture, machining distortion, and corrosion 
cracking is adversely affected by residual stresses [3] 
and [5] to [7]. These effects regularly cause significant 
costs of repairs or replacement of parts [5]. Analysis of 
residual stresses is considered as one of the necessary 
steps in the design of structural elements and 
components, which aid in predicting their reliability 
under different loading conditions during operation 
[6]. Extensive studies revealed that the fatigue 
strength of welded elements is drastically reduced due 
to high residual stresses induced at the weld bead and 

heat-affected zone (HAZ) [8] and [9]. Webster et al. 
reported that residual stress, which can be in excess 
of the yield strength of the material, could develop 
at the HAZ: is the region near the weld zone that is 
not melted during welding, but its properties have 
been severely altered due to the effect of the welding 
torch [10] to [12]. Therefore, the effects of residual 
stresses are comparably the same as that of stress 
concentration. Residual stresses are now considered 
one of the leading factors influencing the properties 
of metallic materials. Thus, they should be given due 
consideration during the design and manufacturing of 
parts and components. Due to their self-equilibrating 
nature, the presence of residual stresses may not be 
readily evident, and so they may not be carefully 
considered during engineering design. However, they 
are stresses and must be given due consideration in 
the same way as stresses due to external loading.

The hole-drilling technique based on ASTM 
E-837-13a standard [13] is used to measure the 
residual stresses, as presented in this paper; the 
residual stresses cannot be measured directly [14]. 
Usually, the elastic strains resulting from the relieved 
stresses initially present at hole position are measured 
directly, then, the residual stresses can be computed 
using mathematical relations.
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Aluminium alloy 2219 is the material used in 
this experiment; it is a commonly used material 
for the manufacture of components used for high-
temperature applications, high strength weldment, 
supersonic aircraft structures as well as space industry 
applications [15] to [17]. It requires strengthening 
through heat treatment before the parts mentioned 
above are manufactured; during the process, high 
residual stresses are induced. Therefore, their 
reduction becomes necessary to improve the reliability 
of the manufactured parts.

The techniques for relieving residual stresses are 
mainly categorized into the thermal methods (i.e., heat 
treatment and mechanical methods, which include 
cold working compression) stretching, and some other 
mechanical surface treatment techniques, etc. [18] 
to [20]. Based on experimental and manufacturing 
outcomes, stretching appears to be more effective 
in relieving residual stresses, but it is practically 
impossible to stretch an unsymmetrical and non-
rectangular shaped component due to handling 
difficulties and non-symmetrical loading. As such, 
compression processes are favourably considered 
and commonly employed [2]. Hence, compression is 
mainly applied to parts having simple geometries and 
parallel surfaces. Cost-effectiveness, availability, and 
accessibility to equipment also decides the technique 
to be used for relieving residual stresses.  Muammer 
et al. compared the compression and stretching 
techniques of residual stress reduction for quenched 
aluminium 7050 [2]. Up to 90 % reduction in residual 
stresses for 2 % (CR) was reported. 

A quenching experiment was performed in the 
first section of this paper, and the residual stresses 
induced in three quenched aluminium alloy 2219 
blocks are determined using the hole-drilling method. 
In the second section, the cold working compression 
for relieving the induced residual stresses was carried 
out; different CRs were applied for each sample. 
Moreover, the residual stresses were measured for 
the compressed Al 2219 blocks. Finally, the x and 
y components residual stresses before and after 
compression were compared, and the average relieved 
residual stresses for each selected CR was also 
presented.

1  QUENCHING EXPERIMENT

Three samples of an aluminium alloy 2219 block of 
the same dimensions 200 mm × 160 mm × 130 mm 
were heated to an elevated temperature of 540 ºC and 
held for 4 hours in the furnace; the samples were then 
quenched in the water of 40 ºC for 10 minutes. The 

quenching conditions are shown in Table 1. The blocks 
were allowed to cool to room temperature before the 
residual stress measurement was carried out, Figs. 1 
and 2 show the samples prepared for heat treatment.

Table 1.  Conditions for the heat treatment

Parameters Symbol Value
Blocks temperature before quenching T0 540 ºC

Quenching medium temperature Tt 40 ºC

Blocks temperature after quenching T1 40 ºC

Quenching duration t 600 s

Fig. 1.  Aluminum 2219 block samples

Fig. 2.  Samples prepared in a furnace

1.1  Material Properties

The average density of the Al 2219 used in this work is 
2820 kg/m³ [21], the temperature-dependent properties 
of the Al 2219 shown in Figs. 3 to 7 were measured 
at the Nonferrous, Advanced Structure Materials 
and Manufacturing Research Center, Central South 
University, China.

The residual stresses induced during the 
quenching process were then measured using the hole 
- drilling method base on the uniform stress method.

1.2 Residual Stress Measurement using Hole-drilling 
Technique

Based on the ASTM E837-13a standard [13], the hole-
drilling measurement can be performed using the 
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uniform or non-uniform stress method to examine the 
residual stresses. 

Fig. 3.  The elastic modulus of aluminum 2219;  
Poisson ratio = 0.33 at all temperatures

Fig. 4.  Specific heat of aluminum 2219

Fig. 5.  The thermal conductivity of aluminum 2219

(a) Uniform stress method: In this approach, the 
in-plane stresses are considered uniform throughout 
the drilled hole depth for material whose thickness is 
larger in comparison with the strain gage circle and 
hole diameter. Therefore, a blind hole can be drilled, 

and the strain data will be recorded after reaching the 
required depth (maximum of 2 mm).

Fig. 6.  Thermal expansion of aluminum 2219

Fig. 7.  The yield stress of aluminum 2219;  
plastic strain = 0, at the given temperature range

(b) Non-uniform stresses method: in this 
approach, the in-plane stresses are considered to vary 
with the depth of the hole. Therefore, an incremental 
hole drilling method is used; the hole is drilled in 
steps, depending on the workpiece thickness and the 
strain gage parameters, and the strains are recorded 
after every increment [14]. In this paper, considering 
the thickness of the samples (130 mm), the strain 
gage circle diameter (5.13 mm), the hole diameter 
(1.8 mm), and the hole depth (2 mm), which is a near-
surface region, the in-plane residual stresses and  are 
considered to be uniform. Therefore, the uniform 
stress technique was adopted. It is evident that the 
residual stresses cannot be measured directly using 
this method, thus, the relieved strains which depends 
on the residual stresses that existed in the material 
originally within the drilled hole are determined 
directly. Therefore, the residual stresses at the drilled-
hole locations were evaluated from the relieved strains 
using the mathematical relations based on the linear 
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elasticity theory as shown in Eq. (1) [15] and [22]. Fig. 
8. Illustrates the in-plane stresses in x and y directions.

Fig. 8.  Hole geometry and uniform stresses along x and y - 
components [13]
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In Eqs. (1) and (2), and  are the “uniform” in-plane 
stresses and θ is the angle between the strain gage axis 
and the x direction. The terms  and  are calibration 
constants that define the strain/stress sensitivity of the 
measurement. Their numerical values depend on the 
drilled-hole diameter and depth. P, Q and T are the 
combination stresses, and  represents the Poisson ratio 
depending on the isotropic strains. 

The combination stresses P, Q, and T are 
corresponding to the combination strains p, q, and 
t. Therefore, Eq. (2) can be rewritten in terms of 
the combination stresses, and their corresponding 
combination strains as follows.
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The combination strains p, q, and t in the Eq. 
(6) represent the isotropic, 45o shear and axial shear 
strains, and they are calculated using the above 
equations. The stresses and  are then evaluated using 
Eqs. (7), (8) and (9) below.

 σ x P Q= − ,  (7)

 σ y P Q= + ,  (8)

 τ xy T= .  (9)

Type A strain gage rosette with a circle diameter 
of 5.13 mm was used in this experiment, the axial 
strains  were deducted directly from the strain gage 
output display, which were used to obtain all the 
required parameters using the above equations. Fig. 9 
shows the layout of the type A strain gage rosette and 
Fig. 10 shows the workpiece with the rosette attached.

Fig. 9.  Strain gage rosette layout [9], [13]

2.4  Residual Stresses after Quenching

The residual stresses measurement was carried out 
using the MTS3000 hole-drilling machine with 
drilling resolution of 5 µm, and drilling speed range 
of 0.03 mm/min to 1 mm/min, the residual stresses at 
three various points on the surfaces of each sample 
were determined at drilling speed of 0.8 mm/min. Fig. 
11 illustrates the selected positions on the workpieces 
and Fig. 12 shows the drill aligned to the rosette’s 
centre during the measurement.

The relieved strains  from the drilled hole at 
points 1, 2, and 3 were measured directly, then 
residual stresses  are evaluated for each examined 
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point, the results are shown in Tables 2 to 4, and are 
also graphically presented in Figs. 13 to 15.

Fig. 10.  Aluminum block sample with rosette attached

Fig. 11.  Test points on the block

Fig. 12.  Hole-drilling method of residual stress measurement

The quenching was performed in a stationary 
medium. Therefore, some parts of the workpiece, i.e. 
position 2 was first exposed to the quenching water 
before position 1; this can lead to variation in the 
residual stress distribution at positions 1 and 2 as the 

residual stresses are fully induced at the quenching 
stage.

Fig. 13.  Determined residual stresses (RS)  
in sample 1 after quenching

Fig. 14.  Evaluated residual stresses in sample 2 after quenching

Fig. 15.  Evaluated Residual stresses in sample 3 after quenching

The above results show the residual stresses 
induced due to the quenching at three locations on all 
the samples, the residual stresses are higher along x 
component (σx) of all the three samples, and they are 
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compressive residual stresses. It was observed that, 
σx = –168.89 MN/m² is the highest residual stress in 
sample 1, which is observed from point 3, σx = –173.41 
MN/m² is the highest residual stress in sample 2, and 
it is obtained from point 3, and σx = –139.81 MN/
m² is the highest residual stress in sample 3, and it is 
also determined from point 3 of the block. Therefore, 
relieving these stresses is very important to improve 
the reliability of the 2219 aluminium block and also 
to avoid the failure of manufactured components [23] 
to [25].

3 RELIEF OF RESIDUAL STRESSES THROUGH COLD 
WORKING COMPRESSION

Cold working compression process with a rigid flat 
die was performed on the three samples to reduce the 
residual stresses induced due to quenching. Fig. 16 
shows the conceptual view of the process.

Fig. 16.  The cold working compression process

Different CRs were selected for each sample 
to analyse the most efficient ratio in the residual 
stress reduction. The conditions for cold working 
compression applied to the samples are shown in 
Table 2 below.

Table 2.  CR  for different samples

S/N Samples CR [%]
1 Sample 1 2
2 Sample 2 3
3 Sample 3 4

4  RESULTS

The three aluminium alloy 2219 blocks were 
compressed using the assigned CRs; the residual 
stresses in all the three blocks were measured using 
the hole-drilling method based on the uniform stress 
method after the cold working compression. Since the 

stresses are assumed to be uniform within the in-plane 
directions x and y, residual stresses were measured at 
points corresponding to 1, 2, and 3 on all three blocks. 
The evaluated σx and σy are shown in Tables 3 to 5 and 
Figs. 17 to 19.

Table 3.  Residual stresses after cold working compression for 
sample 1

2 % CR

Examined locations σx [MN/m2] σy [MN/m2]
1 15.61 21.13
2 14.65 16.28
3 –12.41 13.24

Fig. 17.  Residual stresses before and after compression  
(CR = 2 %) in sample 1

Table 4.  Residual stresses after cold working compression for 
sample 2

3 % CR

Examined locations σx [MN/m2] σy [MN/m2]
1 28.93 34.57
2 –5.74 9.07
3 23.78 53.39

Fig. 18. Residual stresses before and after compression  
(CR = 3 %) in sample 2
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Table 5.  Residual stresses after cold working compression for 
sample 3

4 % CR

Examined locations σx [MN/m2] σy [MN/m2]
1 6.81 15.42
2 10.33 14.5
3 –29.22 10.22

Fig. 19.  Residual stresses before and after compression  
(CR = 4 %) in sample 3

5  DISCUSSION

Based on the results obtained after the cold working 
compression, a significant reduction in the residual 
stresses was observed. As reported by Koç et al. [2] 
cold compression using 2 % (CR) can relieve up to 
90 % of residual stresses induced due to quenching of 
Al 7050. As analysed, the same performance can be 
obtained using the same CR on Al 2219 specimen. 
Furthermore, comparing the three CRs used, 2 % offers 
better stress reduction capacity than 3 % and 4 %, but 
the same may not hold when applying the stretching 
technique to relieve the stresses. Also, much efficient 
reduction in the residual stress along x component was 
observed for all the CR. Therefore, the stresses along 
x were relieved by a higher percentage compared to y. 
The average relived stresses are summarized in Table 
6.

Table 6.  Average relieved residual stresses

Samples 
Average residual 

stress relieved [%]  

x component 

Average residual 
stress relieved [%]  

y component 
CR [%]

1 86.8 81.87 2
2 85.4 46.0 3
3 84.7 51.2 4

6  CONCLUSIONS

The residual stresses induced due to quenching were 
experimentally investigated and were observed to 
be very high; if combined with the residual stresses 
induced during machining, manufacturing processes 
and externally applied loads can easily cause the 
failure of manufactured parts. The cold working 
compression reduces the residual stresses significantly 
and efficiently based on the compression ratio used 
for each aluminium alloy 2219 sample. The 2 % 
compression ratio is observed to have the highest 
percentage of residual stress reduction. Relieving 
the residual stress is very important and necessary 
to enhance the better reliability of components under 
real service conditions. Therefore, it can be concluded 
that the cold working compression is a very efficient, 
effective and practically achievable method of 
reducing the high amount of residual stresses induced 
in aluminium 2219 components.
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