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Abstract. Dislocation densities of GlidCop with compressive strain applied at high temperature were 
examined by X-ray line profile analyses with synchrotron radiation. In order to evaluate the 
dislocation density, we applied the modified Williamson-Hall and modified Warren-Averbach 
method. The dislocation densities of GlidCop with compressive strain from 1.1-4 % were in the 
range of 5.7-8.0×1014 m-2. 

Introduction 
GLIDCOP, dispersion-strengthened copper with ultra-fine particles of aluminum oxide, is used as a 
material for high-heat-load (HHL) components in many accelerator facilities due to its excellent 
thermal properties. In SPring-8 front ends, this material has been applied to many components such 
as masks, absorbers and XY slit assemblies, which are to be subjected to a maximum power density 
of approximately 1 kW mm–2 at a normal incidence for a standard in-vacuum undulator beamline. 
We investigated the thermal limitation of GlidCop under cyclic HHL conditions using specially 
designed GlidCop samples because of a progressive increase in the heat load from the insertion 
device [1]. As part of the investigation, the residual strain of the GlidCop samples was measured 
using synchrotron radiation and those results were almost in accordance with FEM analyses [2]. On 
the other hand, evaluation of the plastic strain, which was the main cause of fracture phenomena, was 
performed qualitatively by comparing the FWHM of the diffraction profiles of samples with 
unknown plastic strain, with that of samples with known plastic strain [3]. 

Recently, we investigated the plastic strain of HHL materials, including GlidCop, with regard to 
dislocation density, as the dislocation density generally correlates with the plastic strain. X-ray line 
profile analysis has been the most powerful method for investigating the dislocation structure in 
plastically deformed metal. In this study, we examined the dislocation density of GlidCop with 
compressive plastic strain loaded at high temperature, as the real components at SPring-8 frontend 
are subjected to compressive stress at high temperature. The modified Williamson-Hall and modified 
Warren-Averbach methods were applied to estimate the dislocation density [4]. 

Experimental 
Two types of GlidCop samples, TP1 and TP2, were prepared. The grade of GlidCop used was AL-
15. TP1, which was designed for low cycle fatigue fracture, was identical to those used in our 
previous studies [1,2]. It was comprised of an absorbing body made of GlidCop with a thickness of 2 
mm, as well as a fitting cover and a cooling holder made of stainless steel. Before experiments with 
synchrotron radiation, cyclic heat loads were applied to the central area of TP1 samples using an 
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electron beam. The samples were subjected to 50 cycles and absorbed 550 W in each cycle; one 
cycle period comprised 7 minutes of thermal loading and 5 minutes of thermal unloading. The 
average maximum temperature of the TP1 samples was approximately 300 ºC during the heat cycles. 
The TP2 samples had known values of compressive strain. TP2 samples consisted of a cylinder with 
a diameter of 15 mm and a height of 15 mm. These samples were manufactured with compressive 
strains from 1.1-4 %.  Compressive strains were applied at approximately 300 °C. After compression, 
the central volumes of TP2 samples, with a thickness of 2 mm, were cut by electrical discharge 
machining.  

Profile measurements were performed using a transmission-type strain scanning method in the 
beamline of BL02B1 at SPring-8. Table 1 shows the experimental conditions used for the 
measurements. The measurements were carried out at the center of samples using Cu (111), (200), 
(311), (222), (400) and (331) reflections.  

 
Table 1. Experimental conditions. 

Beam line SPring-8/BL02B1 

Measurement method Transmission-type strain scanning method 

Energy [keV] 72.8  
Monochromatic crystal Si(311) 

Diffraction and Diffraction angle (2θ) [
°] 

Cu(111): 4.67   
Cu(200): 5.39  
Cu(311): 8.95  
Cu(222): 9.35 
Cu(400):10.79 
Cu(331):11.76 

Slit size  (Width × Height) [mm2] Divergent Slit 1: 2 × 0.2 

Receiving Slit 1: 2× 2 

Profile Analysis 
The dislocation density was evaluated using the modified Williamson-Hall and modified Warren–
Averbach methods, which are based on the FWHM value and the Fourier coefficient of the 
diffraction profile [4]. Assuming that line broadening is caused by dislocations, the modified 
Williamson-Hall method is expressed by the following equation:  

∆𝐾 ≅ 0.9 𝐷⁄ + �𝜋𝑀2𝑏2 2⁄ �𝜌𝐾�𝐶̅ + 𝑂(𝐾2𝐶̅),  (1) 

where, 𝐾 = 2 sin𝜃 𝜆⁄ , ∆𝐾 is the FWHM, D is the average particle size, M is a constant, b is the 
absolute value of the Burgers vector, 𝜌 is the dislocation density, 𝐶̅ is the average contrast factor of 
the dislocations, and O indicates higher order terms in 𝐾�𝐶̅. Based on the theory of line broadening 
caused by dislocations, the average contrast factor in a cubic crystal system can be described as: 

𝐶̅ = 𝐶ℎ̅00(1 − 𝑞𝐻2), (2) 

where 𝐶�ℎ00 is the average contrast factor corresponding to the (h00) reflection, q is a constant and 
𝐻2 = �ℎ2𝑘2 + ℎ2𝑙2+𝑘2𝑙2� �ℎ2 + 𝑘2 + 𝑙2�� . Using Eq. 2, Eq. 1 can be expressed as: 
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((∆𝐾)2 − 𝛼) 𝐾2⁄ ≅ 𝛽𝐶ℎ̅00(1 − 𝑞𝐻2),   (3) 

where  𝛼 = (0.9 𝐷⁄ )2 and 𝛽 = 𝜋𝑀2𝑏2𝜌 2⁄ . From linear regression of the left hand side of Eq. 3 
and 𝐻2, the parameter 𝑞 can be determined. The modified Warren–Averbach method can be 
described as follows: 

ln𝐴(𝐿) ≅ ln𝐴𝑠(𝐿) − (𝜋𝑏2 2⁄ )𝜌𝐿2ln(𝑅𝑒 𝐿⁄ )(𝐾2𝐶̅) + 𝑂(𝐾2𝐶̅)2,  (4) 

where 𝐴(𝐿) is the real part of the cosine Fourier coefficient of the diffraction profile, 𝐴𝑠 is the size 
Fourier coefficient, L is the Fourier length, and 𝑅𝑒 is the effective outer cut off radius of dislocation 
and O represents higher order terms in 𝐾2𝐶̅. By fitting the left hand side of Eq. 4 as a quadratic 
function of  𝐾2𝐶̅, 𝐴𝑠(𝐿), the slope 𝑋(𝐿) = (𝜋𝑏2 2⁄ )𝜌𝐿2ln(𝑅𝑒 𝐿⁄ ) can be obtained. The slope X(L) 
can be evaluated according to the equation: 

𝑋(𝐿) 𝐿2⁄ = 𝜌(𝜋𝑏2 2⁄ )(ln 𝑅𝑒 − ln 𝐿).  (5) 

From the linear regression of 𝑋(𝐿) 𝐿2⁄  and ln 𝐿, the dislocation density, 𝜌, can be obtained. 

Figure 1: Cu(111), (200), (311), (222), (400) and (331) diffraction profiles of the TP2 sample 
under a compressive plastic strain of 1.6 %. The marks represent experimental data; the solid 
line corresponds to the fitting of a pseudo-Voigt function with a linear background. 
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Results 
Fig. 1 shows the representative diffraction profiles for Cu (111), (200), (311), (222), (400) and (331) 
reflections of TP2 samples under a compressive plastic strain of 1.6 %. As shown in Fig. 1, a pseudo-
Voigt function with a linear background was applied to the profiles as a fitting function. The FWHM 
and the real part of the cosine Fourier coefficients 𝐴(𝐿) were obtained from the fitting functions. In 
this study, it was assumed that instrumental line broadening was negligible, as the instrumental line 
broadening of the beamline was expected to be less than 0.002º, according to a previous study [5]. 
Fig. 2 shows the modified Williamson-Hall plots used to obtain q in the case of TP2 samples with 
compressive plastic strains of 1.6% and 3.3 %, respectively. The average contrast factor 𝐶�ℎ00 of 
copper adopted a value of 0.304 [6]. As shown in Fig. 3, using the Fourier coefficient of the profile, 
the modified Warren–Averbach method was applied to TP2 samples with compressive plastic strains 
of 1.6 % and 3.3 %. The value of slope 𝑋(𝐿) for each L value could be determined from the fitting of 
Eq. 4. The dislocation densities were evaluated from linear regression by Eq. 5, as shown in Fig. 4. 

Figure 2: Relationship between ((∆𝑲)𝟐 − 𝜶) 𝑲𝟐⁄  and 𝑯𝟐 under compressive plastic strains of 
1.6 % and 2.6 %. The solid line shows the fit of the data to Eq. 3.  

Figure 3: The relationship between 𝒍𝒍 𝑨𝑳 and 𝑲𝟐𝑪  for each L value for compressive plastic 
strains of 1.6 % and 2.6 %. The solid line shows the fit of the data to Eq. 4. 
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Fig. 5 shows q, the character of dislocation, for TP1 and TP2 samples, with theoretical values 
for each character of dislocation. The bottom and top axes show the compressive plastic strain 
for the TP2 samples and the number of cycles for the TP1 samples, respectively. While edge 
dislocation was predominant in the case of TP1 samples, for TP2 samples, screw dislocation was 
predominant within the range of measured compressive strains, and that character was close to 
pure screw dislocation with increasing compressive strain. Fig. 6 shows the dislocation densities 
of TP1 and TP2 samples. The dislocation density for TP2 samples gradually increased from 
5.7×1014 m-2 to 8.0×1014 m-2 with increasing compressive strain. On the other hand, the 
dislocation density of TP1 sample after 50 cycles was 5.7×1014 m-2.  

Figure 4: Relationship between 𝑿(𝑳) 𝑳𝟐⁄  and 𝒍𝒍 𝑳 for compressive plastic strains of 1.6 % and 
2.6 %. The solid line shows the fit of the data to Eq. 5. 

Figure 5: Relationship between the compressive strains of TP2 samples, the number of cycles of 
TP1 samples and q. The horizontal dotted lines show the theoretical values for each character of 
dislocation. 

Summary 
We estimated the dislocation densities of GlidCop samples with compressive strains at high 
temperature using X-ray diffraction profiles by applying the modified Williamson-Hall and modified 
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Figure 6: Relationship between the compressive strain of TP2 samples, the number of cycles of 
TP1 samples and dislocation density. 

 
Warren-Averbach methods. The dislocation densities of TP2 samples gradually increased with 
increasing compressive strain, while that of TP1 samples was close to the value of TP2 samples with 
1.1 % compressive strain. 
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