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Table 1  Parameters of HIP diffusion-joining and average 

ultimate tensile strength of the Be/CuCrZr joints 

Sample No. Temperature/� Time/h Pressure/MPa σ

b

/MPa 

1# 780 2 32.0 

2# 800 2 122.8 

3# 830 0.5 49.6 

4# 830 1 64.3 

5# 830 2 46.3 

6# 850 2 

130 

36.2 
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« 1  OP�� HIPVWXYG 50 µm TiHIJKLM Be/CuCrZrXYYZ¬®¯°rM�A[\ 

Fig.1  SEM micrographs of interdiffusion layers zone in the Be/CuCrZr joints with 50 µm Ti interlayer bonded at different HIP para- 

meters after vacuum annealing: (a) 1# (780 /2�  h), 1-Be base, 2-Be

12

Ti+Be

10

Ti, 3-sub-pecipitated microstructure, 4-TiCu, 

5-Ti

3

Cu

4

, 6 and 7-TiCu

4

, 8-CuCrZr base; (b) 2# (800 /2�  h), 1-Be base, 2-Be

12

Ti+Be

10

Ti, 3-sub-pecipitated microstructure, 4-fine 

eutectoid-like microstructure, 5-Ti

2

Cu, 6-TiCu, 7-Ti

3

Cu

4

, 8-Ti

2

(Cu,Cr)

3

, 9-TiCu

4

, 10-CuCrZr base; (c) 3# (830 /0.5�  h), 1-Be base, 

2-Be

12

Ti+Be

10

Ti, 3-sub-pecipitated microstructure, 4-fine eutectoid-like microstructure, 5-TiCu, 6-Ti

3

Cu

4

, 7-TiCu

4

, 8-CuCrZr base; 

(d) 4# (830 /1�  h), 1-Be base, 2-Be

12

Ti+Be

10

Ti, 3-Be

17

Ti

2

, 4-sub-pecipitated microstructure, 5-fine eutectoid-like microstructure, 

6-Ti

2

Cu, 7-TiCu, 8-Ti

3

Cu

4

, 9-Ti

2

(Cu,Cr)

3

, 10-TiCu

4

, 11-CuCrZr base; (e) 5# (830 /2�  h), 1-Be base, 2-Be

12

Ti+Be

10

Ti, 3-Be

17

Ti

2

, 

4-fine eutectoid-like microstructure, 5-TiCu

2

Be, 6-TiCu

4

+28%Ti

2

Cu

3

, 7-TiCu

4

+6%Ti

2

Cu

3

, 8-TiCu

4

+28%Ti

2

(Cu,Cr)

3

, 9-TiCu

4

, 

10-CuCrZr base; (f) 6# (850 /2�  h), 1-Be base, 2-Be

12

Ti+Be

10

Ti, 3-Ti

3

CuBe

5

, 4-coarsening eutectoid-like microstructure, 

5-Ti

2.5

CuBe, 6-TiCu

5

Be, 7-TiCu

4

+6%Ti

2

Cu

3

, 8-TiCu

4

+6%Ti

2

(Cu,Cr)

3

, 9-TiCu

4

, 10-CuCrZr base 
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Table 2  Results of EPMA analysis of interdiffusion layers zone in the Be/CuCrZr joints with 50 µm Ti interlayer bonded 

at different HIP parameters (Be gained by the balance method) 

 Ti/at% Cu/at% Cr/at% Be/at% Width/µm Comments 

Sample 1# (780 /2 h)�  

Layer 1 0.210 0.005 0.001 99.784  Be 

Layer 2 8.463 0.005 0.001 91.531 4 Be

12

Ti+Be

10

Ti 

Base 94.561 0.115 0.020 5.303 

Ti supersaturated solid solution (Be is 

main solute) 

Layer 3 

(Sub-precipitated 

microstructure) Precipitates 75.664 0.183 0.011 24.142 

53 

Be-Ti binary intermetallic compounds 

Layer 4 51.007 48.987 0.006 0.000 3~4 TiCu 

Layer 5 43.360 56.631 0.009 0.000 1~3 Ti

3

Cu

4

 

Layer 6 21.767 78.224 0.009 0.000 TiCu

4

 

Layer 7 21.440 78.552 0.008 0.000 

2~5 

8~10 

TiCu

4

 

Layer 8 0.997 98.999 0.004 0.000  CrZrCu alloy 

Sample 2# (800 /2 h)�  

Layer 1 0.018 0.008 0.007 99.967  Be 

Layer 2 8.610 0.008 0.009 91.372 10.5 Be

12

Ti+Be

10

Ti 

Base 87.552 0.302 0.012 12.164 

Ti supersaturated solid solution (Be is 

main solute) 

Layer 3 

(Sub-precipitated 

microstructure) Precipitates 81.029 0.195 0.014 18.762 

23~25 

Be-Ti binary intermetallic compounds 

Layer 4 (Fine eutectoid-like 

microstructure) 

83.220 2.721 0.043 14.015 22~24 

47 Ti supersaturated solid solution (Be and 

Cu both are main solute) with Ti-Cu 

binary and Be-Ti-Cu ternary intermetallic 

compounds 

Layer 5 67.109 32.891 0.098 0.000 ~1 Ti

2

Cu 

Layer 6 50.191 49.783 0.027 0.000 4~7 TiCu 

Layer 7 43.334 56.553 0.090 0.023 1~3 Ti

3

Cu

4

 

Layer 8 40.187 55.176 4.637 0.000 ~1 Ti

2

(Cu,Cr)

3

a

 

Layer 9 22.245 77.435 0.321 0.000 2~5 

12~15 

TiCu

4

 

Layer 10 2.196 97.231 0.574 0.000  CrZrCu alloy 

Sample 3# (830 /0.5 h)�  

Layer 1 0.020 0.008 0.000 99.972  Be 

Layer 2 8.150 0.014 0.009 91.827 7 Be

12

Ti+Be

10

Ti 

Base 91.690 0.201 0.022 8.087 

Ti supersaturated solid solution (Be is 

main solute). 

Layer 3 

(Sub-precipitated 

microstructure) Precipitates 82.592 0.034 0.003 17.371 

36~38 

Be-Ti binary intermetallic compounds 

Layer 4 (Fine eutectoid-like 

microstructure) 

89.136 6.060 0.042 4.762 12~15 

53 

Ti supersaturated solid solution (Be and Cu 

both are main solute) with Ti-Cu binary and 

Be-Ti-Cu ternary intermetallic compounds 

Layer 5 51.189 47.727 0.029 1.056 4-7 TiCu 

Layer 6 43.712 56.105 0.182 0.000 1~3 Ti

3

Cu

4

 

Layer 7 21.124 78.793 0.083 0.000 2~5 

10~13 

TiCu

4

 

Layer 8 2.066 97.406 0.528 0.000  CrZrCu alloy 

Sample 4# (830 /1�  h) 

Layer 1 0.023 0.009 0.000 99.968  Be 

Layer 2 8.666 0.008 0.004 91.322 12.5 Be

12

Ti+Be

10

Ti 

Layer 3 11.030 0.043 0.007 88.920 ~1 

13 

Be

17

Ti

2

 

Zone 4 90.841 0.711 0.013 8.435 

Ti supersaturated solid solution 

(Be is main solute) 

Zone 5 (Fine eutectoid-like 

microstructure) 

89.755 5.604 0.024 4.617 

       

51 

 Ti supersaturated solid solution (Be and Cu 

both are main solute) with Ti-Cu binary and 

Be-Ti-Cu ternary intermetallic compounds 

Layer 6 66.372 33.628 0.057 0.000 ~1.5 Ti

2

Cu 

Layer 7 51.959 48.026 0.015 0.000 4~7 TiCu 

Layer 8 43.445 56.418 0.137 0.000 1~3 Ti

3

Cu

4

 

Layer 9 39.390 55.857 4.753 0.000 ~1.5 Ti

2

(Cu,Cr)

3

a

 

Layer 10 21.140 78.160 0.096 0.604 2~5 

14~16 

TiCu

4

 

Layer 11 3.621 91.208 5.171 0.000  CrZrCu alloy 
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Sample 5# (830 /2 h)�  

Layer 1 0.041 0.127 0.001 99.831  Be 

Layer 2 8.493 0.091 0.006 91.410 12.5 Be

12

Ti+Be

10

Ti 

Layer 3 11.683 0.062 0.004 88.252 1~3 

14 

Be

17

Ti

2

 

Layer 4 (Fine eutectoid-like 

microstructure) 

86.509 7.224 0.039 6.228 49 

Ti supersaturated solid solution (Be and Cu 

both are main solute) with Ti-Cu binary and 

Be-Ti-Cu ternary intermetallic compounds 

Layer 5 24.962 48.892 0.021 26.125 1~2 TiCu

2

Be

a

 

Layer 6 26.172 73.796 0.032 0.000 6~9 TiCu

4

+28%Ti

2

Cu

3

 

Layer 7 23.748 76.171 0.081 0.000 2~3 TiCu

4

+6% Ti

2

Cu

3

 

Layer 8 27.400 69.108 3.493 0.000 1~2 TiCu

4

+28% Ti

2

(Cu,Cr)

3

a

 

Layer 9 20.724 79.138 0.139 0.000 2~5 

15~18 

TiCu

4

 

Layer 10 2.531 97.216 0.253 0.000  CrZrCu alloy 

Sample 6# (850 /2 h)�  

Layer 1 0.042 0.362 0.003 99.593  Be 

Layer 2 8.690 0.186 0.004 91.120 17 Be

12

Ti+Be

10

Ti 

Layer 3 33.748 10.521 0.009 55.722 2~4 

20 

Ti

3

CuBe

5

a

 

Base 86.672 5.145 0.047 8.137 

Ti supersaturated solid solution (Be and Cu 

both are main solute) 

19.987 78.182 0.046 1.785 TiCu

4

 

19.703 77.255 0.021 3.021 TiCu

4

 

47.390 48.953 0.032 3.625 TiCu 

50.359 47.501 0.028 2.112 TiCu 

38.727 11.937 0.023 49.913 Ti

4

CuBe

5

a

 

Layer 4 

(Coarsening 

eutectoid-like 

microstructure) 

Precipitates

b

 

62.493 20.869 0.011 16.627 

42 

Ti

12

Cu

4

Be

3

a

 

Ti-Cu binary and Be-Ti-Cu 

ternary intermetallic 

compounds 

Layer 5 56.605 22.284 0.023 21.088 2~3 Ti

2.5

CuBe

a

 

Layer 6 14.697 69.812 0.044 15.447 8~12 TiCu

5

Be

a

 

Layer 7 23.271 76.652 0.077 0.000 2~3 TiCu

4

+6% Ti

2

Cu

3

 

Layer 8 22.570 74.280 3.151 0.000 2~3 TiCu

4

+6% Ti

2

(Cu,Cr)

3

a

 

Layer 9 21.204 78.637 0.159 0.000 2~5 

16~21 

TiCu

4

 

Layer 10 2.723 97.093 0.184 0.000  CrZrCu alloy 

a

Due to absence of Be-Ti-Cu ternary phase diagram, it is merely atom ratio or annotation according to binary phase diagram; 

b

The compositions are chemical composition of single analysis point, and the others is average value of 3 or 6 analysis points 

which are approximated to each other 
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4
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C
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3
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3
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4
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2

Cu

3
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3
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4
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3
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4

- 
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« 2  OP�� HIPXYG 50 µm TiHIJKLM Be/CuCrZrXYYZa±[\M SEM²³�Be´� 

Fig.2  SEM micrographs of fracture microstructures in the Be/CuCrZr joints with 50 µm Ti interlayer bonded at different HIP parameters 

(Be ends): (a) 1# (780 /2�  h), honeycomb-like morphology; (b) 2# (800 /2�  h), cleavage morphology; (c) 3# (830 /0.5�  h), 

magnification of wart-like morphology and cleavage morphology; (d) 3# (830 /0.5�  h), a lot of wart-like morphology and a little 

cleavage morphology; (e) 4# (830 /1�  h), magnification of wart-like morphology and cleavage morphology; (f) 4# (830 /1�  h), a 

little wart-like morphology and a lot of cleavage morphology, (g) 5# (830 /� 2 h), magnification of wart-like morphology and 

cleavage morphology; (h) 5# (830 /2�  h), a little wart-like morphology and a lot of cleavage morphology; (i) 6# (850 /2�  h), 

honeycomb-like morphology and cleavage morphology 
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« 3  OP�� HIPXYG 50 µm TiHIJKLM Be/CuCrZrXYYZklmnBMAb¦ 

Fig.3  Cracks in interface diffusion zone of the Be/CuCrZr joints with 50 µm Ti interlayer bonded at different HIP parameters: (a) 1# (780 

/2�  h), (b) 3# (830 /0.5�  h), and (c) 5# (850 /2�  h) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« 4  3#���830 /0.5�  h�HIP XYYZ[\ SEM µj Cr

�¶lC· 

Fig.4  SEM micrograph of 3# (830 /0.5�  h) HIP bonded joint (a) 

and element Cr mapping (b) 
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Microstructure Evolution and Fracture Modes of Be/CuCrZr Joints 

by Hot Isostatics Pressing Bonding at High Temperature 
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Abstract: Microstructure evolution and fracture modes of Be/CuCrZr joints with 50 µm Ti interlayer by hot isostatics pressing bonding at 

high temperature (780~850 °C) for different time (0.5~2 h) were studied by EPMA. The results show that forming process of intermetallic 

compounds at Be/Ti and Ti/CuCrZr interfaces conforms to Flux-Energy law. The diffusion rate of Be in Ti is greater than that of Cu in Ti. 

But the Ti-Cu-Be ternary intermetallic compound with high Be content formed in the Be/Ti interface reaction zone is very brittle, which 

causes the property deterioration of the Be/CuCrZr joint. By contrast, the Ti-Cu-Be ternary intermetallic compounds with low Be content 

formed in the Ti/CuCrZr interface reaction zone have relatively little influence on Be/CuCrZr joint properties. HIP conditions affect 

significantly Be/CuCrZr joint properties. The Be/CuCrZr joint bonded by HIP under the condition of 800 °C, 2 h and 130 MPa possesses 

optimum properties, and its tensile strength is up to 122.8 MPa. The joint exhibits the good bonding interface without hot cracks, and the 

fracture of the joint is caused by cleavage fracture of Be

12

Ti+Be

10

Ti mixed intermetallic compound layer. 

Key words: beryllium; CuCrZr; hot isostatics pressing bonding; microstructure evolution; fracture modes 
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