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Abstract

Multi-axial forging (MAF), a severe plastic deformation technique, is known to be difficult to obtain materials with
homogeneous microstructures. Recently, multi-axial diagonal forging (MADF) process has been developed to solve this
problem. In this study, in order to compare the microstructural and mechanical homogeneities of the MAFed and MADFed
samples, oxygen-free copper (OFC) cubes measuring 25 mm in length were deformed through MAF and MADF processes
and the average grain size and hardness were measured at the edge, face, and center regions of the samples. In the MAFed
samples, ultrafine grains were formed at the center region, but a considerable amount of coarse grains remain at the face
region. Therefore, the MAFed samples showed a high inhomogeneity in regards to grain size and hardness. On the contrary,
in the case of the MADFed sample, the grain sizes at the edge, face, and center regions were similar and the hardness in all
the regions are almost similar. This indicates that the MADFed sample has a homogeneous microstructure and uniform
mechanical properties, which can be attributed to the homogeneous distribution of the effective strain throughout the
material. The results of this study suggests that the MADF is a suitable process in the fabrication of high-strength copper

materials with a homogeneous and ultrafine grain structure.
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Fig. 1 Schematic illustration of MADF process
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Table 1 Details of MAF and MADF process routes

Route Number of pass Sample condition
A-6 6 MAF

A-12 12 MAF + MAF
B-12 12 MAF + DF (MADF)

Fig. 2 Image showing initial specimen and MAFed and
MADFed specimens
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Fig. 3 Flow stress-strain curve for FEA
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Table 2 Average grain sizes of initial, MAFed, and

MADFed samples (1)

Sample Edge Face Center Average

Initial - 35.3 78.6 57.0

A-6 9.7 17.5 3.1 10.1

A-12 2.6 15.4 1.2 6.4

B-12 2.3 6.4 1.6 3.4
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Fig. 11 Average grain sizes at edge, face, and center
regions and their average value of initial,
MAFed, and MADFed samples
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Table 3 Average hardness values of initial, MAFed, and

MADFed samples (HV)
Sample Edge Face Center Average
initial 88.4 87.2 82.5 86.0
A-6 134.2 122.2 135.5 130.6
A-12 139.8 127.4 141.0 136.1
B-12 134.8 134.6 134.2 134.5
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Fig. 12 Average hardness values at edge, face, and center
regions of initial, MAFed, and MADFed samples
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