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Abstract
X-ray diffraction has been widely used in measuring surface residual stresses. A drawback of the conventional d ~ sin2ψ 
method is the increased uncertainty arising from sin2ψ splitting when a significant residual shear stress co-exists with a 
residual normal stress. In particular, the conventional method can only be applied to measure the residual normal stress while 
leaving the residual shear stress unknown. In this paper, we propose a new approach to make simultaneous measurement of 
both residual normal and shear stresses. Theoretical development of the new approach is described in detail, which includes 
two linear regressions, d�+d−�

2
~sin2ψ and {dψ-d-ψ} ~ sin(2ψ), to determine the residual normal and shear stresses separately. 

Several samples were employed to demonstrate the new method, including turning-machined and grinding-machined cylin-
drical bars of a high strength steel as well as a flat sample of magnetron sputtered TiN coating. The machined samples were 
determined to have residual compressive normal stresses at both the axial and hoop directions as well as various scales of 
residual shear stresses. The TiN coating showed a high scale of residual compressive (normal) stress whereas the measured 
residual shear stress was extremely low. The new method showed significantly increased precision as compared to the con-
ventional d ~ sin2ψ method.

Keywords Residual stress measurement · X-ray diffraction · Machined surfaces · Residual shear stresses · Residual normal 
stresses

1 Introduction

X-ray diffraction (XRD) is a powerful analytical tool in char-
acterising polycrystalline materials owing to its accurate 
measurement of lattice d-spacings. An important application 
has been the quantitative determination of surface residual 
stresses, in which d ~ sin2ψ linear regression is the mostly 
used method [1–8]. The conventional d ~ sin2ψ method is 
suitable for measuring in-plane normal stresses (i.e., zero 
normal stress vertical to the measured surface) if the related 
residual shear stresses can be ignored. In such circum-
stances, the d-spacings measured at a series of off-axis angle 
ψ, dψ, are correlated to sin2ψ with small data scattering. This 
method has been widely used in determining the residual 
normal stresses of thin films and coatings as well as vari-
ous mechanically strengthened surfaces [1, 2, 5–7, 9, 10].  

However, applications of the d ~ sin2ψ method become prob-
lematic in analysing surfaces where residual shear stresses 
co-exist with residual normal stresses. A common feature 
arising from such measurements is the so-called sin2ψ 
splitting, i.e., different slopes of d ~ sin2ψ linear regression 
between positive and negative ψ values [3, 11, 12].

The co-existence of residual normal and shear stresses 
appears in most machined surfaces. In machining, the 
edge of a cutting tool provides combined compressive and 
shear loads to a small volume in front of the cutting edge. 
Meanwhile, its flank surface keeps frictional contact to 
the machined surface under compressive and shear loads. 
These loads generate non-homogeneous plastic deformation 
in certain depth of the machined surface and consequently 
result in the formation of residual stresses. In addition, the 
deformation and friction also induce rapid heating and sub-
sequent cooling of the machined surface in certain depth, 
which also contributes to the residual stresses. Residual 
stresses resulting from grinding, turning, and milling have 
been studied extensively [8, 11–25]. For example, Xin and 
Zhang reported residual tensile stresses of high strength 
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steels after turning or high speed milling [13, 14]. For ultra-
high strength steels and other high strength materials, the 
prevention of residual tensile stresses is critical because 
such stresses cause certain loss of fatigue resistance [13, 
15, 22]. It has been reported that, machining-induced sur-
face residual stresses greatly affect the fatigue properties of 
high strength metallic alloys, whereas shot peening and other 
types of surface strengthening processes produce residual 
compressive stresses [26–28]. Moreover, residual stresses 
existing in welds and forgings have been found to trigger 
fatigue fracture and or corrosion cracking [29–35].

Quantitative measurement of residual normal and shear 
stresses is highly demanded, especially those stresses exist-
ing in machined surfaces. Studies of residual shear stresses 
have been reported in several publications. Perenda and co-
authors reported the generation of residual normal and shear 
stresses in pre-setting and deep rolling treated high strength 
steel torsion bars [22]. Meixner and co-authors studied the 
near-surface stresses of ground and peened high strength 
steels [8]. Zauskova et al. examined the three-dimensional 
residual normal and shear stresses by employing the 
d ~ sin2ψ method at three sample orientations [24]. These 
examples suggest that the measurement of residual shear 
stress has drawn the attention of researchers in recent years. 
In practice, the conventional d ~ sin2ψ method shows draw-
backs such as low precision arising from the sin2ψ splitting. 
In addition, this method is limited to the measurement of 
residual normal stresses only, because of the theoretical dif-
ficulty in measuring combined normal and shear stresses. To 
overcome the drawbacks, some researchers recommended 
non-linear d ~ sin2ψ regression or the use of 3-dimensional 
measurement, which normally required large sum of experi-
mental measurements and subsequent calculation [11]. In 
addition to these, an alternative XRD cosα method has 
been introduced in recent research [23, 36]. Comparing to 
the traditional sin2ψ method, the cosα method can measure 
both normal and shear stresses simultaneously and requires 
shorter experiment time. These advantages are attributed 

to the special instrumental settings of the cosα method that 
it employs a 2-dimensional detector to detect the whole 
Debye–Scherrer ring in a single measurement.

In this paper, we present a new approach of XRD residual 
stress measurement through a modification to the conven-
tional d ~ sin2ψ method. The modification includes a care-
ful pre-setting of incident angles, Ω, to obtain a series of 
off-axis angles, ± ψ, followed by two linear regressions 
developed from the conventional d ~ sin2ψ linear regression. 
Several machined surfaces, as well as a magnetron sput-
tered hard coating, were employed to demonstrate the new 
approach and to verify its reliability and accuracy. It has 
been demonstrated that the new technique can be applied 
to make simultaneous measurement of residual normal and 
shear stresses. The advantages of the new approach include 
the significantly improved precision in measuring residual 
normal stresses and, more importantly, a method to measure 
the accompanying residual shear stresses. In the following 
sections, we will first describe the new analytical solution 
by developing two modified linear regressions. Then, a pro-
cedure of detailed XRD experiments will be provided, fol-
lowed by the measurements on a few machined steel bars.

2  Theoretical development of new 
equations

2.1  General theoretical approach

Figure 1a illustrates schematically the configuration of XRD 
d ~ sin2ψ method of a polycrystalline solid. A beam of sin-
gle-wavelength X-ray hits the surface at an incident angle 
Ω and gives rise to a diffraction beam of a specific crystal-
line lattice plane (hkl) at a diffraction angle 2θ. The vector 
N, which has an off-axis angle ψ with respect to Axis 3, is 
the normal of the (hkl) plane. The vectors of the incident 
X-ray, diffraction X-ray, N and Axis 3 are in the same plane. 
The geometric projection of N to the sample surface, which 

Fig. 1  Schematic charts of a 
definition of the three reference 
axes and the direction of XRD 
stress measurement; and b the 
normal and shear stresses in the 
3-dimensional system
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defines the direction of the stress to be measured, forms an 
angle ϕ with respect to Axis 1. The three angles ψ, Ω and 2θ 
obey the relationship ψ + Ω = θ. Therefore, the off-axis angle 
ψ can be determined from the measured diffraction angle 2θ. 
Meanwhile, the 2θ angle also determines the d-spacing dψ of 
the (hkl) plane using the Bragg law dψ = �

2⋅sin�
 , where λ stands 

for the X-ray wavelength.
Figure 1b presents the nine stress vectors of the system, 

in which σ and τ stand for normal stresses and shear stresses, 
respectively. Equation (1) is the fundamental equation of 
XRD residual stress measurement, in which the residual 
strain in the (hkl) plane being calculated from the XRD 
measured d-spacing (dϕψ) and the strain-free d-spacing 
(d0) is expressed as a complex function of several factors, 
including the elastic modulus (E) and Poisson’s ratio (ν) of 
the crystalline solid, the geometric factors ψ and ϕ, and the 
stresses σ and τ [11, 12]. An in-plane stress state is assumed 
for surface residual stress measurement, i.e., σ3 = 0. Conse-
quently, Eq. (1) is re-written as Eq. (2). By defining ϕ = 0, 
i.e., considering the measurement following Axis-1, Eq. (2) 
is re-written as Eq. (3), and then Eq. (4).

Equation (4) is the principal formula for XRD residual 
stress measurement. The linear relationship between dψ and 
sin2ψ exists only when the system is free from residual shear 
stress, i.e., τ13 = 0.

2.2  Conventional approach to measure residual 
normal stress

The conventional approach is made by assuming a shear-stress-
free system. Consequently, Eq. (4) is converted to Eq. (5) 
which facilitates a linear regression between dψ and sin2ψ. 
This approach has been widely adopted in measuring residual 
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stresses of thin films and coatings [1–8]. The solution of the 
linear regression is provided in Eq. (6), including the defini-
tion of the two constants A and B. In most cases, the values of 
residual stresses are much smaller than the elastic modulus E. 
Consequently, Eq. (7) is derived to calculate the values of σ1 
and d0, respectively, after assuming a uniaxial in-plane stress 
(σ1 = σ2) condition.

2.3  New approach to measure both residual normal 
and shear stresses

In this paper, we propose an approach to determine both 
the residual normal stress and residual shear stress. In 
experiment, it is feasible to acquire diffraction peaks of the 
selected lattice plane (hkl) at a series of plus and minus 
off-axis angles {ψ, -ψ}i for i = 1, 2, ⋅⋅⋅, n (e.g., n = 5 in this 

paper). For a pair of positive ψ and negative -ψ, we convert 
Eq. (4) to Eq. (8) by replacing ψ with its negative value -ψ. 
After that, Eqs. (9)–(14) are produced through simple treat-
ments of Eqs. (4) and (8). These form new linear regressons 
for the determination of σ1 and τ13, respectively. Equation (9) 
suggests a linear relationship between sin2ψ and d�+d−�

2
 , see-

ing details of the expressions in Eq. (10). Following the 
linear plotting, the residual normal stress σ1 and the strain-
free d-spacing d0 are obtained in Eq. (11). Equations (12) 
and (13) set up a linear relationship between (dψ—d-ψ) and 
sin(2ψ). Then, the residual shear stress is obtained after con-
stant C is derived from the linear regression, Eq. (14).

The new approach is termed as the sin2ψ-sin(2ψ) method 
to differentiate it from the conventional d ~ sin2ψ method.
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3  Experimental details

Several samples were employed to demonstrate the new 
approach, including machined cylindrical tensile bars, of 
5 mm in diameter, of a high-strength spring steel as well as 
a TiN coating. The spring steel was strengthened through 
quenching and tempering heat treatments [37, 38]. Two 
types of machined cylindrical surfaces were made for the 
residual stress measurement. One was machined by fine 
turning followed by manual polishing using 1-µm diamond 
suspension, and another was by grinding, both being carried 
out in a commercial workshop. Figure 2 shows the morphol-
ogy of the machined surfaces, which exhibit cutting-induced 
grooves indicative of surface plastic deformation. The TiN 
coating was deposited by a magnetron sputtering process 
on a pre-polished flat steel coupon of 30 mm in diameter. 
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The coating thickness is 2.69 µm as determined in previous 
research [9].

XRD experiments were carried out on an Empyrean 
X-ray diffractometer using a radiation of Co-Kα (wave-
length 0.1789 nm, anode at 40 kV and 40 mA). For each 
cylindric sample, measurements were made on the axial 
direction and the hoop direction, respectively. The height 
position of the surface to be measured was carefully 
calibrated to a precision of 0.002 mm using a dedicated 
micrometer. The incident X-ray beam was configured by 
a window of 15 mm in width and a ¼° incident slit. The 
diffractometer was configured at the Ω-2θ scan mode for 
scanning at 11 fixed Ω angles. Table 1 shows the design 
of Ω angles, in which the ferrite diffraction F(211) and the 
(220) diffraction of NaCl-type crystalline were selected in 
measuring the steel samples and the TiN coating sample, 
respectively. The Ω values were selected by considering 
the following factors.

1. The minimum Ω angle should be not less than 8°, since a 
low Ω angle was found to lead to an irregular diffraction 
peak for unknown reasons.

2. The selected Ω angles should lead to pairs of ±|ψ|, plus 
an Ω angle at approximately ψ = 0, seeing Table 1.

3. The total number of Ω angles was determined after con-
sidering both the precision of linear regression and the 
experiment time.

4. The selected Ω angles should make an approximately 
uniform distribution of the  sin2ψ values for the purpose 
of a fair linear regression.

Fig. 2  Morphology of the machined surfaces observed by scanning electron microscopy: a–b the grinding finished surface; and c the turning 
machined surface. Note the cutting induced deformation and damages
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In all the X-ray acquisition, a small step size 0.053° 
and a slow scanning speed 0.004° per second were 
applied to obtain sufficiently high peak intensity. Given 
the applied diffraction conditions and linear absorp-
tion coefficient of Kα-Co in iron (µ/ρ = 59.5  cm2/g), the 
resultant X-ray depth penetration to the machined steel 
surfaces was between 3.1 and 8.1 µm. All the acquired 
diffraction data were processed by Kα2 stripping and sub-
strate removing, and then further filtered by Lorentz-
Polarization-Absorption before the diffraction peak 
measurement. The diffraction peaks were measured using 
the parabolic approach, which was recommended from 
our previous work to show the minimum deviation [6]. 
In the stress calculation, the E modulus and Poisson’s 
ratio ν of the steel were adapted as 210 GPa and 0.30, 
respectively, whereas the E modulus and Poisson’s ratio 
ν of the TiN coating were adapted as 300 GPa and 0.23, 
respectively [6, 9, 33].

4  Results and discussion

4.1  XRD measurements and related linear 
regressions

Figure 3 shows the results of XRD residual measurements 
at the axial direction of the turning machined sample, 
including both the conventional d ~ sin2ψ method and the 
new sin2ψ-sin(2ψ) method. The diffraction curves obtained 
at the pre-defined Ω angles are summarised in Fig. 3a. 
Figure 3b shows the diffraction peak angles 2θ plotted 
versus the corresponding ψ angles. Figure 3c shows two 
linear regressions by processing the obtained 2θ and ψ data 
following Eqs. (6) and (10), respectively. Figure 3c reveals 
good linear relationship between d�+d−�

2
 and sin2ψ. A pro-

nounced splitting exists in the d ~ sin2ψ series, indicating 
different d ~ sin2ψ variations for the positive and negative 
ψ angles. The linear regression d�+d−�

2
 ~sin2ψ turns out a 

high precision factor of R2 = 0.999. As compared to the 

precision factor R2 = 0.833 of the conventional regression 
d ~ sin2ψ, the significantly increased R2 value suggests a 
more accurate measurement. Figure 3d shows the linear 
regression between (dψ-d-ψ) and sin(2ψ), as suggested by 
Eq. (13).

The results of the calculation are summarised in 
Table 2. For the conventional d ~ sin2ψ method, linear 
regressions using the positive and negative ψ angles 
turn out different residual compressive stress values, 
namely, of − 585.7 ± 24.7 MPa and − 995.0 ± 12.7 MPa, 
respectively. The overall d ~ sin2ψ linear regression, 
from all the positive and negative ψ angles, turns out a 
residual normal stress of − 787.3 ± 117.7 MPa, noticing 
the significant deviation. In contrast, the residual normal 
stress determined from the new sin2ψ-sin(2ψ) method 
is − 778.0 ± 10.6 MPa, having greatly decreased deviation. 
Meanwhile, a residual shear stress of 157.2 ± 30.7 MPa has 
been determined. The results, including both the residual 
stress values and the associated deviation, are illustrated 
in Fig. 4, which clearly reveal the advantages of the new 
sin2ψ-sin(2ψ) method both in the greatly decreased devi-
ation in the measured residual normal stress and in the 
feasibility in residual shear stress measurement. In par-
ticular, the d ~ sin2ψ splitting suggests the co-existence of 
a residual shear stress.

Figures 5, 6, 7 and 8 show the measurements of other 
samples. Similarly, these measurements all reveal high 
precision  (R2) of the new linear regressions, ranging from 
0.871 (Fig. 5c) to 0.987 (Fig. 8c), suggesting consistently 
increased accuracy of the new method as compared to 
the conventional method. Meanwhile, the (dψ-dψ) ~ sin2ψ 
regressions also reveal high values of precision factor  R2, 
ranging from 0.877 (Fig. 5d) to 0.962 (Figs. 6d and 8d), 
suggesting consistently the feasibility of residual shear 
stress measurements. In contrast, the  R2 values of the 
conventional d ~  sin2ψ regressions are much lower, rang-
ing from 0.153 (Fig. 7c) to 0.856 (Fig. 8c). These results 
indicate superior performance of the new method to the 
conventional method.

Table 1  The designed settings of incident angle Ω, expected off-axis angle ψ and sin2ψ 

Crystalline plane No 1 2 3 4 5 6 7 8 9 10 11

F(112) of martensitic steel Ω (°) 49.8 33.8 65.8 25.8 73.8 19.8 79.8 39.2 85.0 9.8 89.8
ψ (°) 0.0 16.0 −16.0 24.0 −24.0 30.0 −30.0 35.2 −35.2 40.0 −40.0
Sin2ψ 0.00 0.08 0.08 0.17 0.17 0.25 0.25 0.33 0.33 0.41 0.41

(220) of TiN coating Ω (°) 30.0 21.0 40.0 18.0 43.0 15.0 46.0 12.0 49.0 9.0 52.0
ψ (°) 0.5 9.5 −9.5 12.5 −12.5 15.5 −15.5 18.5 −18.5 21.5 −21.5
Sin2ψ 0.00 0.03 0.03 0.05 0.05 0.07 0.07 0.10 0.10 0.13 0.13
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4.2  Residual normal stresses determined using 
the new method and conventional method

The results of calculated residual normal stresses and strain-
free d-spacings are summarised in Table 3. Comparing to the 
conventional method, the new method proposed in this paper 
is able to provide more accurate measurement of residual 
stresses.

Both the conventional method and the new method turn 
out similar values of normal residual stress. For example, 
the turning machined steel showed residual normal stresses 
at both the axial and hoop directions, whereas the values 
determined by the two methods are comparable to each 
other, e.g., − 787.3 MPa and − 778.0 MPa at the axial direc-
tion as determined by the conventional and new methods, 

Fig. 3  Residual stress measurement at the axial direction of the turn-
ing machined cylindrical sample: a A collection of the diffraction 
peaks; b Plot of the measured diffraction angle 2θ versus the off-axis 

angle ψ; c Linear regression plots d ~ sin2ψ and d�+d−�
2

 ~ sin2ψ; and d 
Linear regression plot (dψ-d-ψ) ~ sin(2ψ)

Table 2  The results of residual 
axial stress calculation of the 
turning machined sample

Method Stress Regression Y = A⋅X + B, precision 
 R2

Stress, MPa d0, nm

A B R2 Value Deviation

Traditional method σ vs {± ψ} −5.71E-04 1.17E-01 83.3% −787.3 −117.7 0.1172
σ vs {+ ψ} −4.25E-04 1.17E-01 99.3% −585.7 24.7 0.1172
σ vs {− ψ} −7.21E-04 1.17E-01 99.9% −995.0 12.7 0.1171

New method σ −5.64E-04 1.17E-01 99.9% −778.0 10.6 0.1172
τ 2.28E-04  −1.25E-04 89.7% −157.2 30.7
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respectively. Such residual stresses could be attributed pre-
dominantly to the fast straining in the applied turning [17]. 
Several cutting parameters, including cutting speed, feed 

rate, cutting depth, tool wear, and the use of lubricant, have 
strong influence on the residual stress formation [16, 17, 21].

Fig. 4  Comparison of residual 
normal and shear stresses, 
values and deviation, measured 
using the conventional and new 
methods

Fig. 5  Residual stress measurement at the hoop direction of the turn-
ing machined cylindrical bar: a The obtained diffraction peaks; b The 
measured diffraction angle 2θ plotted versus the off-axis angle ψ; c 

Linear regression plots dψ ~ sin2ψ and d�+d−�
2

 ~ sin2ψ; and d Linear 
regression plot (dψ-d-ψ) ~ sin(2ψ)

3601The International Journal of Advanced Manufacturing Technology (2022) 119:3595–3606
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For linear regression, the precision factor R2 provides 
a measurement of scattering or uncertainty. The R2 values 
of the linear regression treatments in Figs. 3, 5, 6, 7 and 8  
are summarised in Fig. 9. The conventional method shows 
R2 values from 0.06 to 0.86, in which three of the five val-
ues are less than 0.30, suggestive of large uncertainty in the 
stress measurement. The deviation relates directly to the 
scale of the sin2ψ splitting, e.g., seeing Figs. 3c and 5c for 
the turning machined sample. On the other hand, the new 
method provides a reliable solution to the sin2ψ splitting. 
The R2 values for both the normal stress and shear stress 
measurements are consistently higher than 0.85. Obvi-
ously, the new method is able to perform residual stress 
measurement at significantly increased precision. The R2 
values of the shear stress measurements are slightly inferior 
to the relevant values of the normal stress measurements.  
Nevertheless, the new method has made it possible to 

determine both the residual normal and shear stresses 
simultaneously using the XRD Ω-2θ configuration.

The grinding machined sample also showed residual 
compressive stresses in both the axial and hoop directions. 
Again, the new method shows advantage in the substantially 
reduced deviation, e.g., from 137.6 to 22.4 MPa in the meas-
urements at the axial direction. It is not the scope of this 
paper to compare the scales of residual stresses generated 
in the two different machining operations or to investigate 
the effect of machining parameters on the residual stresses. 
However, the precise measurement of machining-induced 
residual stresses provided a strong support to the research 
and development of the ultrahigh strength steel [37, 38]. 
The optimised machining process helped to minimise the 
residual stresses of the turning- and grinding-machined 
specimens, which contributed to reliable measurements of 
mechanical properties in tensile and fatigue tests.

Fig. 6  Residual stress measurement at the axial direction of the 
ground cylindrical bar: a A collection of the diffraction peaks; b Plot 
of the measured diffraction angle 2θ versus the off-axis angle ψ; c 

Linear regression plots  dψ ~  sin2ψ and dψ+d−ψ
2

 ~  sin2ψ; and d Linear 
regression plot  (dψ-d-ψ) ~ sin(2ψ)
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4.3  Residual shear stresses determined by the new 
method

The new method provides a reliable measurement of the 
residual shear stress. Table 3 suggests co-existence of resid-
ual shear stresses and normal stresses in all the machined 
surfaces, having the ratio τ13:σ1 ranging from 1:5 to 1:1.5. 
In particular, the minimum ratio 1:1.5 indicates substan-
tially high residual shear stress. On the other hand, the TiN 
coating indicates an extremely low τ13:σ1 ratio of 1:31.3. 
This result matches well to the expectation that sputtered 
coatings are known to have only residual normal stresses 
because of the thin film growth modes [1, 5, 10]. This can 
be considered as a verification to the measurement of resid-
ual shear stress.

In Table 3, the scale of shear stress depends directly on 
the sin2ψ splitting. The samples having large residual shear 
stresses show remarkable sin2ψ splitting, whereas those hav-
ing low shear stresses show marginal sin2ψ splitting. The 
presence of residual shear stresses agrees to literature [8, 
20, 22, 24, 25]. The XRD measurement of residual shear 
stresses used to be more complicated than the measurement 
of residual normal stresses, whereas the former may involve 
different instrumental configurations, multi-axial measure-
ment and massive data processing [11, 12, 20, 22–24]. 
Comparing to those methods reported in the literature, the 
new (dψ-d-ψ) ~ sin(2ψ) method is straightforward for it is 
developed from the mostly used d ~ sin2ψ method, which 
therefore can be undertaken under the same instrumental 
configuration.

Fig. 7  Residual stress measurement at the hoop direction of the 
ground cylindrical bar: a A collection of the diffraction peaks; b 
Plot of the measured diffraction angle 2θ versus the off-axis angle ψ; 

c Linear regression plots dψ ~ sin2ψ and d�+d−�
2

 ~ sin2ψ; and d Linear 
regression plot (dψ-d-ψ) ~ sin(2ψ)
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Fig. 8  Residual stress measurement of a magnetron sputtered TiN coating: a A collection of the diffraction peaks; b Plot of the measured diffrac-
tion angle 2θ versus the off-axis angle ψ; c Linear regression plots dψ ~ sin2ψ and d�+d−�

2
 ~ sin2ψ; and d Linear regression plot (dψ-d-ψ) ~ sin(2ψ)

Table 3  Summary of residual 
stresses (σ1 and τ13) and strain-
free d-spacing  (d0)

Sample Conventional (dψ +  d-ψ)/2 ~  sin2ψ; d ~ sin2ψ τ13:σ1

σ1 (MPa) d0 (nm) σ1 (MPa) d0 (nm) τ13 (MPa)

Turning Axial −787.3 ± 117.7 0.1171 −778.0 ± 10.6 0.1172 157.2 ± 30.7 1:5.0
Hoop −103.8 ± 132.9 0.1172 −137.2 ± 30.5 0.1172 41.2 ± 8.9 1:3.3

Grinding Axial −252.8 ± 137.6 0.1173 −256.3 ± 22.4 0.1173 103.5 ± 9.0 1:2.5
Hoop −342.5 ± 269.2 0.1171 −372.3 ± 26.5 0.1171 244.0 ± 46.8 1:1.5

TiN coating −8623 ± 1354 0.1734 −7564 ± 613 0.1737 242 ± 34 1:31.3

3604 The International Journal of Advanced Manufacturing Technology (2022) 119:3595–3606



1 3

5  Conclusions

A new sin2ψ-sin(2ψ) method has been developed for simul-
taneous measurement of both residual normal and shear 
stresses. The new method derives from modification of the 
conventional d ~ sin2ψ method, with the following recom-
mended procedure.

1. Select a lattice plane of a polycrystalline sample to per-
form an XRD scan under the θ-2θ mode and measure its 
diffraction angle 2θ0.

2. Design a series of off-axis angle ± ψ (ψ > 0) and calculate 
the corresponding incident angle Ω of every ψ angle 
using the equation Ω = θ0—ψ.

3. Perform an XRD scan at every calculated incident angle 
Ω under the Ω-2θ mode and measure the position 2θ of 
every obtained diffraction peak.

4. Calculate the d-spacing dψ and ψ for every obtained 2θ 
angle by using the Bragg law and the equation ψ = θ—Ω, 
respectively.

5. Perform linear regressions using Eqs. (9) and (12), to 
calculate the residual normal and shear stresses, respec-
tively.

The new method has been verified on two cylindrical 
steel bars produced by turning and grinding, respectively, 
as well as a TiN coating grown on stainless steel by magne-
tron sputtering deposition. Both the turning- and grinding-
machined bars showed residual normal and shear stresses 
having various ratios between the normal and shear stresses. 

The TiN coating showed high scale of residual compres-
sive (normal) stress whereas the residual shear stress was 
relatively marginal. In measuring residual normal stresses, 
the new method showed significantly improved precision as 
compared to the conventional d ~ sin2ψ method.
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