
UKAEA-CCFE-PR(19)27

Kuo Zhang, Ermile Gaganidze, Michael Gorley

Development of the material
property handbook and database of

CuCrZr



Enquiries about copyright and reproduction should in the first instance be addressed to the UKAEA
Publications Officer, Culham Science Centre, Building K1/0/83 Abingdon, Oxfordshire,
OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.

The contents of this document and all other UKAEA Preprints, Reports and Conference Papers are
available to view online free at scientific-publications.ukaea.uk/

https://scientific-publications.ukaea.uk/


Development of the material
property handbook and database of

CuCrZr

Kuo Zhang, Ermile Gaganidze, Michael Gorley

This is a preprint of a paper submitted for publication in
Fusion Engineering and Design





Development of the material property handbook and database of CuCrZr 

 
1Karlsruhe Institute of Technology, Institute for Applied Materials, Hermann-von-Helmholtz-Platz 1, 76344 

Eggenstein-Leopoldshafen, Germany 

2Max Planck Institute of Plasma Physics, Boltzmannstraße 2, 85748 Garching, Germany 

3UK Atomic Energy Authority, Culham Science Center, Abingdon, Oxfordshire, OX14 3DB, UK 

 

Kuo Zhang1,2, Ermile Gaganidze1, Michael Gorley3 

Abstract 

This report covers the initial progress on the development of material property handbook (MPH) 

of baseline CuCrZr, within the Materials Engineering Data and Design Integration (MAT-EDDI) of 

EUROfusion Material Database and Handbook group. Initial drafting of the baseline CuCrZr MPH 

structure is presented, with inclusion of available data, figures and general information. A data 

reviewing procedure is discussed for qualification of the data of CuCrZr by comparing raw data 

from a large variety of resources. In case of acceptable data scattering, average and minimum 

curves are fitted as suggestions for the EU-DEMO design. Specific missing properties as well as 

gaps in the database for EU-DEMO are identified. 

 

Abbreviation 

AT Arbeitskreis Thermophysik 

CTE Coefficient of Thermal Elongation 

DSC Differential Scanning Calorimetry  

ER Electric Resistivity 

HT Heat Treatment 

IG ITER Grade 

LCF Low Cycle Fatigue 

LFA Laser-Flash Apparatus 

MPH Material Property Handbook 

PA #Heat treatment defined in section 1.2 

RT Room Temperature 

SA Solution Annealing 

SAA #Heat treatment defined in section 1.2 

SAcwA #Heat treatment defined in section 1.2 

SAoverA #Heat treatment defined in section 1.2 

SCA #Heat treatment defined in section 1.2 

SD Standard Deviation 

SDC-IC Structural Design Criteria for In-Vessel Components 

TC Thermal Conductivity 

UIUC University of Illinois at Urbana-Champaign, Urbana 



UTS Ultimate Tensile Strength 

YS Yield Strength 

 

Introduction 

CuCrZr is a precipitation hardening copper alloy. It is characterized by comparatively high strength 

even at elevated temperatures, high wear resistance and high tempering resistance compared to 

most copper-based alloys [1, 2]. Currently, CuCrZr is the prime candidate heat sink material for 

high heat flux and plasma-facing components in the EU-DEMO divertor [3]. The lower service 

temperature limit under irradiation lies between 150°C and 250°C [3]. The recommended upper 

temperature limit is 350°C for long term operation [4]. The mechanical properties and thermal 

conductivity of this alloy are some of the key properties of interest in component design for 

fusion power plant [1]. 

 

The purpose of the material property handbook (MPH) on CuCrZr is to provide ready reference 

and guidance to select the required material properties with engineering trend curves under 

requirements for design, allowing straightforward use in codes and standards, e.g. Structural 

Design Criteria (SDC-IC) [5]. 

 

To initiate the development of the material database on CuCrZr used for the MPH, literature data 

has been reviewed and screened. The selected literature was limited for the application in fusion. 

This paper provides an overview of the literature that has been screened and presents the initial 

work on the development of the MPH from reviewed literature data. 

1. General information 

1.1 Chemical composition 

The percentage of chemical compositions in the CuCrZr alloy is designated to satisfy the required 

mechanical and electrical properties. 

 

The content of Cr should be high enough above the solubility limit for the alloy at the solution 

annealing (SA) temperature to account for Cr inhomogeneity and low enough to prevent coarse 

Cr precipitates which may cause embrittlement of the alloy. Zr is required for improved 

homogeneity of precipitates, improved ductility and fatigue resistance. Zr also increases the 

solubility of Cr in the Cu-Cr-Zr system. P content should be kept as low as possible to minimise 

coarse precipitates which are stable at SA temperatures of 1050°C [6, 7]. 

 

There are various standards defining the chemical composition ranges for the CuCrZr alloy, for 

instance EN12163 [8] and C18150 [9]. In the ITER Grade CuCrZr (CuCrZr-IG), the weight 



percentages (wt%) have been specified as Cr: 0.6~0.9 wt%, Zr: 0.07~0.15 wt% [2]. The other 

minor alloying elements (Fe, Si, Co, Cd, O) are rarely mentioned in the literature about CuCrZr-IG.  

 

In the MPH of CuCrZr, a table of chemical compositions has been presented, including the 

specification in various standards and measured values in different reports or product sheet 

[8-14]. For the purposes of this paper, only materials meeting the requirements of the ITER grade 

CuCrZr composition are considered. 

 

1.2 Heat treatment  

The properties of CuCrZr alloys are known to be sensitive to heat treatment. Various mechanical 

properties and also physical properties e.g. electrical/thermal conductivity can be modified with 

different temperatures and the length of solution annealing and aging times. The cooling rate is 

also a factor to influence the material properties. For instance, in [11], the yield- and tensile 

strengths, and also microstructures of specimens with different cooling rates and different aging 

periods are compared and the highest strength is reported at an aging temperature of 440°C 

irrespective of the cooling rate. For the same aging temperature, the strength is increased with 

the cooling rate but the difference in the strength became smaller when the CuCrZr alloys were 

aged over 580°C. 

 

For the application in ITER or EU-DEMO in the future, several heat treatments are specified for 

CuCrZr, which are listed as a), b), c), d), e) in the following. The most reported heat treatment in 

literature is SAA, standing for Solution Annealing and Aging. SAcwA includes cold working before 

aging. SCA includes HIP-treatments. SAoverA means over-aged. And PA stands for Prime Aging. 

a) SAA----- Solution annealing at 980~1000°C for 30~60 min, water quench and age at 

460~500 °C for 2~4 h. [2, 15, 16] 

b) SAcwA---- Solution annealing at 980~1000°C for 30~60min, subsequent cooling in water, 

further cold working by 40~70%, and ageing at 450~470°C for 2~4 h. [16] 

c) SCA-----received as SAA, HIP-treated at 1040°C for 2h at 140 MPa followed by solution 

annealing at 980°C for 0.5 h with a slow cooling rate of 50~80 °C/min between 980 and 

500 °C, and final aging at 560 °C for 2h. [15] 

d) SAoverA----Solution annealing and ageing at non-optimal condition (over-aged) due to 

specific manufacturing processes. [16] 

e) PA----Reported in a series of papers of B.N. Singh et al. [17-19], material supplied by 

Outokumpu Oyj (Finland) [20]: solution annealed at 960°C for 3h, water quenched and 

then prime aged (PA) at 460°C for 3 h.  

Although SAA and SAcwA are the two most reported heat treatments, they have never been 

designated to be the standard heat treatment for CuCrZr, since researches still continue to study 



the influence of heat treatment/ cold working on the mechanical properties of this alloy, by e.g. 

modifying the solution annealing temperature or period, cold working degree, aging temperature 

or period, or by further treatment such as HIP-treatments. 

1.3 Content in the MPH of CuCrZr 

The material properties have been grouped to mechanical properties and thermo-physical 

properties in the MPH as the following. 

 

A: Mechanical properties: 

 A1. Young’s modulus 

 A2. Stress-strain curve 

 A3. Yield strength 

 A4. Ultimate tensile strength 

 A5. Uniform elongation 

 A6. Total elongation 

 A7. Hardness 

 A8. Fatigue 

 A9. Creep-fatigue 

  a) Stress-controlled tests 

  b) Strain-controlled tests 

  c) Balanced load, extension-controlled 

 A10. Creep 

 A11. Fracture toughness 

 A12. Charpy impact strength 

 

B: Thermo-physical properties: 

 B1. Coefficient of thermal expansion 

 B2. Density 

 B3. Specific heat 

 B4. Thermal conductivity 

 B5. Electric resistivity 

 

These properties have been selected for the need to derive the required design curves to match 

the design requirements, which can explain the performance of the material covering the 

anticipated failure modes. It also matches with existing properties collected for e.g. Eurofer97 [21, 

22].  

 

Due to the variety of CuCrZr alloys in terms of chemical compositions and heat treatments, even 

within the ITER Grade, the mechanical and physical properties will differ from each other. The 

measured values in various laboratories will be also different from each other due to, for 

instances, various specimen sizes, accuracy of measurement equipment, loading type and rate, 

environments (air or vacuum), etc. 



 

The new MPH of CuCrZr includes all available information and tries to reveal the sensitivity of the 

material properties to each influencing factor. In cases that the chemical compositions in the 

reviewed literature are not within the ITER-IG specification, or the temperature and period of 

solution annealing and aging is not within the five specifications (SAA, SAcwA, SAoverA, SCA, PA) 

mentioned above, they will be specially pointed out in the diagrams or text in the MPH. 

 

If the mechanical / physical properties agree well with each other, average curves have been 

proposed for the CuCrZr alloys to show the relationship between material properties and the 

testing temperatures. Minimum curves have been also proposed with a distance of 1.96 times 

the standard deviation (SD), according to ITER Structural Design Criteria for In-Vessel 

Components (SDC-IC) [5]. 

 

To ensure acceptability, the selected literature data have been reassessed aiming at completion 

of the required information or at judgement of the validity of the collected results according to 

the international testing standards, e.g. ASTM standards. 

 

Due to a large amount of information in the MPH of CuCrZr, the following of the current paper 

will present selectively some important diagrams with discussions from the MPH. 

2. Tensile properties 

The section on tensile properties includes Young’s modulus, stress-strain curves, yield strength 

(YS) and ultimate tensile strength (UTS), uniform and total elongation. 

 

The reliable data for Young’s modulus are supposed to be from sonic measurements, namely 

dynamic method. However, there is till now no available report where it claims that its Young’s 

modulus is measured with this dynamic method. Hence it is supposed that all available Young’s 

modulus of CuCrZr are determined from the tensile stress-strain curves, although it is not 

everywhere mentioned. Fig. 1 collects the Young’s modulus of SAA and SAcwA specimens from 

several reports. The average and minimum curves are fitted for both SAA and SAcwA specimens. 



  

Fig. 1 Young’s modulus versus temperatures. [1, 7, 23-25] 

 

The equations for fitting curves of Young’s modulus are as following: 

Eaverage,SAA (T) -GPa= −1.9234 × 10−4 × 𝑇2 − 2.1233 × 10−2 × 𝑇 + 124.91  (SD =5.35, T-°C )   eq. 1 

 

Eaverage,SAcwA (T) -GPa= −4.1707 × 10−5 × 𝑇2 − 3.3692 × 10−2 × 𝑇 + 129.91 (SD=1.81, T-°C)   eq. 2 

 

In order to build analytical or numerical material model, it is more proper to use data from true 

stress-strain curves. Normally a dog-bone shaped flat sample should be used together with video 

record, with which the true stress-strain curve can be calculated. However, such reported result is 

till now not available. Hence all the stress-strain curves collected in the MPH of CuCrZr are 

engineering stress-strain curves.  

 

The stress-strain curves are available at several testing temperatures as room temperature, 150°C, 

200°C, 250°C, 300°C, 400°C, 500°C and 600°C.  

 

The 0.2%-yield strength (YS) and ultimate tensile strength (UTS) in the temperature range 

20-700°C are collected from various reports, as illustrated in Fig. 2. The fitted average curves of 

yield strengths vs. testing temperatures are quadratic, while linear relationships are revealed 

between the UTS and the testing temperatures, for both groups of specimens with or without 

cold working. 

 



  

a) 0.2%-Yield strengths of SAA and SCA specimens [2, 11, 15, 16, 26-29] 

  

b) 0.2%-Yield strengths of SAcwA specimens [1, 2, 16, 30] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

c) Ultimate tensile strengths of SAA and SCA specimens [11, 12, 15, 16, 26] 

 

 

 

d) Ultimate tensile strengths of SAcwA specimens [1, 16, 30, 31] 

 

Fig. 2 Yield and ultimate tensile strengths versus temperatures. 

 

The equations for the fitting curves/lines of YS and UTS are as following: 

YSaverage, SAA (T) -MPa= −2.2847 × 10−4 × 𝑇2 − 0.13931 × 𝑇 + 292.19   (SD = 24.663, T - °C)    eq. 3 

 

YSaverage, SAcwA (T) -MPa = −4.5936 × 10−4 × 𝑇2 − 0.089841 × 𝑇 + 392.46  (SD = 37.84, T-°C)   eq. 4 

 

UTSaverage, SAA (T) -MPa= −0.42631 × 𝑇 + 413.45  (SD = 25.415, T-°C)                        eq. 5 

 

UTSaverage, SAcwA (T) = −0.4219 × 𝑇 + 495.4    (SD = 29.85, T-°C)                            eq. 6 

 

When comparing the strengths of different groups of specimens, it is found that cold working 

increases both the yield and ultimate tensile strengths by approximately 100 MPa. And 



specimens with HIP-treatments (SCA) have relatively lower yield and ultimate tensile strengths. 

However the data for SCA specimens are only available at room temperature [15]. More data are 

required at elevated temperatures to evaluate the effect of HIP-treatments. 

 

The uniform and total elongations are also collected from various reports for the MPH of CuCrZr. 

The data points are collected in Fig. 3. Comparing to other material properties, the elongation 

values are relatively rare and scatter too much to propose convincing average curves for the 

design. In spite of the data scattering, it is still obvious that cold working decrease both uniform 

and total elongation. Note that the HIP-treatments decrease both strength and elongation, while 

cold working decrease the elongation but increase the strength, as shown in Fig. 2 and Fig. 3. 

 

Fig. 3 Uniform and total elongations versus temperatures [1, 15, 26, 30-33] 

 

3. Fatigue and creep 

Mechanical properties such as fatigue, creep and creep-fatigue behavior are collected for the 

MPH of CuCrZr.  

 

To evaluate the influence of testing temperatures on the low cycle fatigue (LCF) behavior, the 

values which originate from University of Illinois at Urbana-Champaign, Urbana (UIUC) are 

gathered in Fig. 4. No clear temperature trend is found between data points from room 

temperature to 350°C. Although data points for 500°C forms the lower boundary. Hence, the test 

temperature (<500°C) has marginal influence on the lifetime in LCF tests. 

 



 

Fig. 4 Total strains versus number of cycles to failure of tests performed in UIUC [34, 35] 

 

The relationships of total strains versus testing temperatures are shown separately for SAA and 

SAoverA in Fig. 5. Coffin-Manson fittings are performed for the two groups of data points. The 

over-aging increases the fatigue life of CuCrZr, which is obvious in the report of Marmy [24]. The 

specimens have been aged at 580°C for 2 hours, comparing to 460~500°C as the aging 

temperature for SAA specimens. 

 

 
a) 



 

b) 

Fig. 5 Total strains versus number of cycles to failure of tests of a) SAA specimens and b) SAoverA 

specimens [18, 24, 34-38] 

 

The fitted Coffin-Manson equations for SAA and SAoverA specimen are as following: 

 

∆𝜀𝑆𝐴𝐴

2
= 3.5286 × 𝑁𝑓

−0.26199    (∆𝜀 - %)            eq. 7 

∆𝜀𝑆𝐴𝑜𝑣𝑒𝑟𝐴

2
= 4.9741 × 𝑁𝑓

−0.27269   (∆𝜀 - %)           eq. 8 

The proposed Coffin-Manson equation by Marmy [24] for the overaged specimens (aged at 580°C 

for 2 hours and tested at 300°C) is as following: 

∆𝜀𝑃.𝑀𝑎𝑟𝑚𝑦 2010

2
= 0.36012 × 𝑁𝑓

−0.0812 + 30.968 × 𝑁𝑓
−0.50486     (∆𝜀 - %)    eq. 9 

 

The available data for creep is only found in the two reports of Marmy et al. [24, 39], which have 

collected even earlier data points. The data points are summarized in Fig. 6. 



 

Fig. 6 Creep rupture times versus applied stresses at different testing temperatures. [24, 39] 

 

Data points for 100°C match with each other, no matter which heat treatment, cold working or 

chemical composition there are. Only one group of data exists for 200°C, which has lower applied 

stress than those at 100°C.  

 

The data points for temperatures over 290°C scatter in a large range. The cold worked alloy form 

the upper boundary while over-aged alloy form the lower boundary. Data points of SAA 

specimens and those with HIP-treatments lie in between. 

 

For a convincing suggestion to the design, more creep tests are required.  

Singh et al. have performed a thorough investigation of creep-fatigue behavior of CuCrZr and 

reported their results in Risø-R-1528(EN) in 2005 [18]. The material was supplied by Outokumpu 

Oyj [20] with compositions of Cu - 0.73% Cr – 0.14% Zr, which is within the specified chemical 

compositions of the ITER Grade CuCrZr. The heat treatments of the specimens include prime 

aging (PA), which differs itself from traditional SAA by longer solution annealing period (3h). 

There have been also other heat treatments in the work of Singh et al. [18], including HT1, HT2. 

HT1 means PA specimens are further aged in vacuum at 600°C for one hour. HT2 means PA 

specimens are further aged in vacuum at 600°C for four hours. 

 

Singh et al. [18] have performed three groups of creep-fatigue tests: a) stress-controlled, b) 

strain-controlled, and c) extension-controlled. Since the results have been clearly presented in  

[18], there is no need to repeat their diagrams in the current paper. Note that Singh et al. [18] 

have reported ratcheting behavior in the stress-controlled creep-fatigue tests, however without 

further evaluation. There have been till now no available research on the ratcheting behavior of 

CuCrZr. 

 



4. Thermo-physical properties 

Thermo-physical properties collected for the current MPH of CuCrZr include coefficient of 

thermal elongation (CTE), density, specific heat, thermal conductivity and electric resistivity. 

 

Pintsuk et al. [40] have reported a thorough investigation on the thermo-physical properties, 

namely “Interlaboratory tests”, where eight European laboratories and a company Netzsch as an 

external reference laboratory have took part in, to perform thermo-physical tests on specimens 

from the same batch of material. The material for this “Interlaboratory tests” was taken from a 

bar material (35×35×1000mm3) produced by the company Zollern/Laucherthal [41]. The 

composition is Cu–0.8Cr–0.08Zr (in mass%) with low hardness when compared to other CuCrZr 

grades. Its production process consists of solution annealing at 970 °C for 20 min followed by 

water quenching and aging at 475 °C for 2h. The measured data may scatter from each other due 

to various unknown experimental conditions. 

 

The measurements of coefficient of thermal elongation have been performed with push-rod 

dilatometry. The majority of the laboratories provided data within a standard deviation of ∼3% 

from the average. Only the results of two laboratories are located outside this range representing 

the lower threshold (TU-Vienna) and the upper threshold (Netzsch) of the measured CTE data by 

an offset of ±5 % in comparison to the average. Since there is no reason to exclude either result, 

both data sets were taken into account and due to its symmetric spread around the average, they 

balance each other. 

 

The value of density has been measured at room temperature and calculated for T> RT with data 

of coefficient of thermal expansion. 

 

The specific heats have been measured both by Differential Scanning Calorimetry (DSC) and by 

Laser-Flash Apparatus (LFA). The specific heats measured on 5mm thick LFA specimens scatter 2% 

to 4% from the average measured by DSC, while the values measured on 3mm thick specimen are 

in very good agreement within the standard deviation of the DSC measurement. 

 

Thermal conductivity (TC) is the most reported thermo-physical property in literature. In the 

“Interlaboratory tests”, the TC has been calculated via the formula 

 

            eq. 10 

 

where 𝜆 is thermal conductivity, 𝑎  is thermal diffusivity, 𝜌 is material density and 𝐶𝑝  is 

specific heat. 

 

For the MPH of CuCrZr, data for TC from more sources are collected. In Fig. 7, the data points and 

curves are shown.  



  

Fig. 7 Thermal conductivities versus temperatures. [1, 14, 29, 40, 42, 43] 

 

Fig. 7 shows average thermal conductivity values as well as values from various laboratories in 

the “Interlaboratory tests”. Data points and curves from other sources are also shown in this 

diagram. Pintsuk et al. [40] have also reported another investigation campaign “Arbeitskreis 

Thermophysik” (AK), where the thermal conductivity of the same material have been measured. 

These values from AK are also shown in Fig. 7. 

 

Further, two ITER documents [42, 43] are found for the thermal conductivity. These two ITER 

documents have referred to different sources and have proposed different average curves for the 

thermal conductivity versus temperature. The difference decreases with increasing temperature. 

These two curves are also shown in Fig. 7.  

 

The suggested average TC1 by [43] is closer to the results from “Interlaboratory tests”, while the 

suggested average TC2 by [42] is closer to the results from “Arbeitskreis Thermophysik”. 

 

Electric resistivity (ER, ρ) can be calculated from thermal conductivity (λ) according to 

Wiedemann-Franz relation: λ∙ρ=L∙T, where T is the absolute temperature and L is the Lorentz 

number 2.45 × 10-8 W∙Q∙K-1. 

 

5. Gaps in the database 

Gaps and non-ideal integration of available data have been discussed respectively for the 

material properties. Several properties are missing in the database, for instance reduction of area 

during tensile tests, Poisson’s ratio and ratcheting behavior. Generally, there remains a significant 

volume of missing data to provide sufficient material properties to enable the full design of 



EU-DEMO divertor components using CuCrZr. 

 

The closing of the database gaps under specified heat treatments should be complemented, 

including tests after material has been exposed to long term aging conditions mimicking 

component operation, as well as after dedicated thermo-mechanical treatments simulating the 

application relevant joining technologies. Irradiation campaigns should be planned to cover the 

anticipated irradiation effects over the anticipated operational temperature campaign, for 

determination of the design relevant mechanical and thermo-physical properties in the irradiated 

state. 

 

 

6. Summary 

The current paper has reported the early development of EUROfusion material database and 

material property handbook on ITER-Grade CuCrZr. The database currently includes around 1000 

raw material data records taken from literature and screened for acceptability. It is found that the 

material properties are marginally influenced by factors such as chemical composition, specimen 

size and loading rates, however are very sensitive to factors including heat treatment and cold 

working. Various periods and temperatures during solution annealing and aging, as well as 

various cooling rates, lead to very different material properties. When meaningful, the best 

estimate trend and minimum curves are proposed for ITER-Grade alloys. Definition of the 

baseline CuCrZr material and relevant heat treatments will be required in the future, in terms of a) 

Industrial fabrication of large charge of baseline CuCrZr. b) Characterization campaign for 

generation of consistent mechanical and thermo-physical data. 
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