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Abstract 

The effects of cooling rate from annealing temperature, which simulated the diffusion bonding 
process, on the microstructure of Haynes 230 (Ni-22Cr-14W-5Co) were investigated. While the grain 
boundaries are slightly covered with Cr-rich M23C6 carbides for the diffusion-bonded and quenched 
condition, precipitates were extensively present on/near the grain boundaries for the furnace-cooled 
specimens. For the furnace-cooled specimens, lamellar precipitates were extensively formed near the 
grain boundaries below 1 000°C, with intervals of a few hundred nanometers. Also, grain boundaries 
were severely serrated for the furnace-cooled specimens. Through electron probe micro analysis and 
transmission electron microscope, the lamellar precipitates were identified as (Cr,W)-rich M23C6-type 
lamellar carbides. Despite the differences in microstructure, tensile properties were not much affected 
by the cooling rate. Creep tests are underway and results will be presented.  

1. Introduction 

Solid-solution strengthening Ni-base superalloys are key candidate materials for the 
application of the intermediate heat exchanger (IHX) in a very high temperature gas-
cooled reactor (VHTR) [1]. For the manufacturing process of micro-channel type heat 
exchangers, solid-state diffusion bonding is required [2]. For bonding, high temperature 
up to annealing temperature is preferred to promote the diffusion of the solute elements 
across the mating surfaces. However, thermal history during the diffusion bonding 
process would have influence on the microstructural characteristic not only at the bond-
line, but also in the matrix away from the bond-line. In this study, simulated diffusion 
bonding condition was applied for the as-received alloy, and microstructural features 
especially near the grain boundaries and their effects on the tensile and creep-rupture 
properties are discussed. 

2. Experimental procedure 

A solid-solution strengthened Ni-base superalloy, Haynes 230 (Ni-22Cr-14W-5Co), was 
used in this study. The heat treatment conditions carried out in this study are 
summarised in Table 1. To simulate the diffusion bonding procedures, the alloy was 
exposed to the annealing temperature (1 200°C) for 5 h and then furnace-cooled (HT-A). 
Further two-step cooling heat treatments (HT-B, C, D, and E) were carried out to 
investigate the formation of the precipitates. Water quenching was used to keep the 
microstructure evolved during the cooling process. 

Characterisation of the microstructure was performed using scanning electron 
microscope (SEM), transmission electron microscope (TEM) equipped with energy 
dispersive X-ray microscope (EDS) and electron backscatter diffraction (EBSD). For the 
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measurement of the mechanical properties, plate-type specimens were prepared for the 
tensile (RT and 900°C) and creep-rupture (900°C) properties. Strain rate of the tensile test 
was 3.33×10-4/s to failure. For the tensile tests at elevated temperature, specimens were 
heated at the rate of 5°C/min. After the target temperature was reached, the specimens 
were held for 10 min to homogenise the temperature distribution before the tests.  

Table 1: Heat treatment conditions investigated in this study 

Designation Heat treatment condition 
HT-A 

Holding at 
1 200°C for 5 h 

1 200-25°C furnace-cooled  
HT-B 1 200-1 100°C furnace-cooled + water-quenched 
HT-C 1 200-1 000°C furnace-cooled + water-quenched 
HT-D 1 200-900°C furnace-cooled + water-quenched 
HT-E 1 200-800°C furnace-cooled + water-quenched 

3. Results and discussion 

3.1 Formation of the discontinuous precipitates 

Typical microstructure of the as-received Haynes 230 consists of the equiaxed grains with 
the average grain size of about 57 μm (Figure 1a). Secondary precipitates such as grain 
boundary Cr-rich M23C6 and randomly dispersed W-rich M6C carbides were observed [3-6]. In 
the microstructure of the furnace-cooled alloys (HT-A), serrated grain boundaries covered 
with Cr-rich M23C6 carbides and the discontinuous precipitates were present (Figure 1b). 
While the grain boundaries of the HT-B are slightly covered with M23C6 carbides (Figure 1c), 
serrated grain boundaries with the formation of precipitates along the initial grain boundary 
are observed for the HT-C, D, and E (Figures 1d-f). Especially, for the specimen furnace-
cooled down to 900°C (HT-D), lamellar morphology typical of discontinuous precipitates [7] 
extensively occurred near the grain boundaries. Considering that the grain boundary 
structure of HT-A is similar to that of HT-D, the temperature range for the formation of 
discontinuous precipitates would be 1 000-900°C during the cooling. 

Figure 2 shows the EBSD analysis result for the grain boundaries containing 
discontinuous precipitates. In Figure 2b, boundaries between 2o and 12o are indicated in 
green, cyan between 12o and 22o, red between 22o and 32o, pink between 32o and 42o, 
yellow between 42o and 52o, and white between 52o and 62o. As shown in the figure, grain 
boundary migration is observed in high angle grain boundaries. As discussed by Williams 
and Butler [7], the high angle grain boundaries (red and pink color in Figure 2b) appeared 
in front of the advancing precipitates. To clarify the orientation relationship between the 
adjacent grains, TEM analysis was performed. According to the SAD (selected area 
diffraction) pattern analysis, the precipitates have a cube-on-cube orientation with the 
grain, which is contrary to the direction of thermally activated grain boundary migration. 
Also, the SAD pattern suggested that the discontinuous precipitates are M23C6 carbides. 
Additionally, from the EDS analysis, enrichment in Cr content in the precipitate 
confirmed that the discontinuous precipitates are Cr-rich M23C6 carbides which are typical 
of the carbides along the initial grain boundaries. 

3.2 Mechanical properties 

The presence of the discontinuous precipitates observed during the cooling from the 
simulated diffusion bonding condition is of concern because their deleterious effects on 
the mechanical properties were reported [4-8]. Especially, Tawancy found the accelerated 
primary creep rate with limited ductility if the discontinuous precipitates were formed 
for Haynes 230 during the furnace cooling [4]. Also, under creep-fatigue conditions, inter-
granular cracks were only found on high angle grain boundaries with the discontinuous 
precipitates while not on high angle grain boundaries without the discontinuous 
precipitates [8]. 
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Figure 1: SEM micrographs of Haynes 230: 
(a) as-received, (b) HT-A, (c) HT-B (quenched at 1 100°°°°C), (d) HT-C (quenched at 1 000°°°°C), 

(e) HT-D (quenched at 900°C), and (f) HT-E (quenched at 800°C) 

  

  

  

Figure 2: EBSD analysis results for the discontinuous precipitates observed in HT-D 

  

Tensile properties of the as-received and heat-treated (HT-A) specimens at room 
temperature and 900°C are summarised in Table 2. At room temperature, reduction of the 
yield strength, ultimate tensile strength, and elongation was generally observed. 
Reduction of the strength might result from the increased grain size up to about 86 μm; 
however, the decrease in elongation of the HT-A specimen would have been resulted 
from the development of the discontinuous precipitates. As the carbides on/near the 
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grain boundaries are brittle and the bond strength to the adjacent grains are lower, it is 
thought that the premature failure would occur in the vicinity of the discontinuous 
precipitates. By the same token, the reduction of the strengths could also be contributed 
from the microstructural characteristics (i.e., discontinuous precipitates) at the interface 
of the carbides and the matrix. 

Table 2: Tensile properties of the as-received and heat-treated and 
furnace-cooled (HT-A) Haynes 230 both at RT and 900°C 

Material As-received HT-A 

Tensile 
property 

YS 
(MPa) 

UTS 
(MPa) 

Elong 
(%) 

YS 
(MPa) 

UTS 
(MPa) 

Elong 
(%) 

RT 449 851 62.9 397 807 51.5 
900°C 222 259 75.3 203 213 77.3 

The influence of the discontinuous precipitates on creep-rupture behaviour is shown 
in Figure 3. At elevated temperature above the equi-cohesive temperature where the 
strength of the grain boundaries equals to that of the grains, grain boundary is more 
susceptible for inter-granular cracks [9]. While the discrete grain boundary carbides could 
effectively impede the grain boundary sliding [4], the discontinuous precipitates at the 
high angle grain boundary observed in this study are thought to have a detrimental effect 
on creep deformation due to the lower bond strength with the adjacent grains. Further 
creep-rupture tests and electron microscopic analysis are in progress to demonstrate the 
deformation mechanism. 

Figure 3: Creep-rupture result of Haynes 230 

 

4. Conclusions 

The objective of this study was to verify the relationship of the mechanical properties 
with the microstructure of the heat-treated Haynes 230. Especially, the heat treatment 
conditions performed in this study simulated the diffusion bonding process. For the 
furnace-cooled specimens, discontinuous precipitates (Cr-rich M23C6 carbides) induced by 
the grain boundary migration were observed in the temperature range of 900 and 1 000°C 
with the discrete carbides formed along the initial grain boundaries. Reduction of the 
tensile elongation and the creep-rupture life is caused by the presence of the 
discontinuous precipitates on/near the grain boundaries, which might result in lowering 
the bond strength with the adjacent grain. 
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