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Abstract  
High-density powder metallurgy (PM) components are required for high-performance applications. 

Liquid phase sintering (LPS) is one such method to improve the densification, especially the master 

alloy route is preferred due to the flexibility in tailoring the alloying contents. In this study, gas atomised 

Ni-Mn-B master alloy powder of size fraction < 45 µm was admixed with water atomised iron and Mo-

prealloyed powder. During sintering, there was a significant densification due to LPS where the liquid 

formation occurred in two stages, one from the master alloy melting and another from the eutectic liquid 

formation, enabling densities >  95%. The microstructural investigation revealed that the surface 

densification was achieved after sintering in H2 containing atmosphere. Capsule free hot isostatic 

pressing was performed on these samples to achieve full density. This approach of combining LPS and 

capsule free hot isostatic pressing demonstrates the potential in reaching full densification in high-

performance PM steel components.  
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Introduction  

In order to expand the scope of powder metallurgy (PM) steel components in high-performance 

applications, it is essential to reach high-density levels. Liquid phase sintering (LPS) by means of boron 

addition is one such process adopted to increase the density during sintering of PM steels [1,2]. Boron 

is a sintering activator and can be introduced as elemental boron, or ferroboron or as a master alloy 

addition [3]. The role of boron in PM steels is to aid in densification during sintering through liquid 

generation from the eutectic reaction at ~ 1175 °C [4]. Introducing boron as a master alloy assists in a 

significant densification from two liquid formation stages, (i) master alloy melting and (ii) eutectic reaction 

[5,6]. As reported from the previous studies of PM steels [7,8], reaching density levels greater than 95% 

enables pore transition from open to closed pores and having such a densified surface enables the use 

of hot isostatic pressing (HIP) without any capsules to reach full density.  

Apart from the densification due to LPS, surface densification is observed from the microstructural 

investigations of boron-containing PM steels [9,10]. Menapace et al., have shown, the surface densified 

layer formed during sintering of water atomised Cr-prelloyed and 316L stainless steels enable case 

hardening [9] and corrosion resistance [10]. In both the cases, the boron content of about 0.5 wt. % is 

necessary for the formation of surface layer free from eutectic. This thickened surface layer has been 

utilized as a layer for post treatments, without affecting the core due to the absence of open surface 

pores.  

HIP as a post-processing method can significantly remove the pores and defects in the castings and 

PM components. The recent increased interest in the HIP is due to the advancement in the rapid cooling 

techniques and also the possibility to combine HIP cycle with the heat treatment cycle [11]. The powder 

consolidation in the HIP is usually performed through capsules, which are designed to meet the final 

dimensional requirements by compensating for the shrinkage. The capsules need to be removed later 

by machining or acid treatments and it results in an overall expensive process. 
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In this study, liquid phase sintering of PM steels using Ni-Mn-B master alloy and capsule free HIP was 

performed. The densification after sintering and HIP were investigated. Also, the impact toughness and 

hardness testing after HIP were measured and the results were discussed in relation to the 

microstructures after HIP. Further, the thermodynamic simulations were performed to estimate the 

formation of liquid during sintering and HIP.  

Materials and Methods 

Water atomised Fe and Mo-prealloyed (0.45 wt. % Mo) steel powder produced by Höganäs AB was 

used as a base powder. Gas atomised Ni (46 wt. %) - Mn (46 wt. %) - B (8 wt. %) (< 45 µm) master 

alloy (MA) powder (CEITALOY HD), developed by CEIT, Spain and produced by Höganäs AB was 

admixed to the base powder as presented in Table 1. Also, it was admixed with 0.4 wt. % LubeE lubricant 

and in order to study the effect of carbon 0.3 wt. % of UF4-natural graphite was added. All the samples 

were compacted to 7.3 g/cm3 density to impact bar dimensions (55x10x10 mm3) according to ISO 5754. 

The samples were de-lubricated at 450 °C under nitrogen gas flow and sintering was performed in an 

industrial furnace in pure hydrogen at 1240 °C for 30 min. All the sintered samples were HIP:ed at 

1150°C for 2 hours in QH170 HIP equipment at Quintus Technologies AB, using argon gas pressure of 

100 MPa. In HIP, both pressure and temperature were raised simultaneously, with a heating rate of 15 

°C/min and cooling was ~ 300 °C/min from 1150 to 850 °C, it was ~ 120 °C/min from 850 to 500 °C and 

~ 40 °C/min from 500 to 100 °C. 

Table 1: List of samples used and the composition in wt. % 

Sample 
Designation 

In wt. % 

Mo C MA Fe 

Fe+2.5MA - - 2.5 Bal. 

Fe+2.5MA+C - 0.3 2.5 Bal. 

Fe-Mo+2.5MA 0.45 - 2.5 Bal. 

Fe-Mo+2.5MA+C 0.45 0.3 2.5 Bal. 

Fe-Mo+1.5MA 0.45 - 1.5 Bal. 

Fe-Mo+1.5MA+C 0.45 0.3 1.5 Bal. 

All the samples after HIP processing were impact tested and the density was measured according to 

Archimedes’ method. For microstructural investigations, the metallography samples were prepared and 

etched in nital 2%. Optical micrographs were taken using Leica DMRX optical microscope. The apparent 

hardness was measured using Wolpert Dia Tester with Vickers scale of 10 kgf (HV10). Thermodynamic 

calculations were performed using Thermo-Calc Software TCFE9 Steels/Fe-alloys. 

 

Results and Discussion 

The liquid phase sintering of PM steels using Ni-Mn-B master alloy displays an enhanced densification 

during sintering [5,12]. Figure 1 shows the microstructure of the Fe-Mo+2.5MA+C sintered sample, 

having densified surface after sintering in hydrogen. This surface densification is a known phenomenon 

which occurs during the sintering of boron-containing PM steels in hydrogen atmospheres, as reported 

elsewhere [9,10] and also when the density of PM steels is over 95 % the open pores transforms into 

closed pores, through which surface enclosure is attained [7,8]. 

 

 
Figure 1: Optical micrograph of the Fe-Mo+2.5MA+C sample after sintering 
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The behaviour of this master alloy upon sintering densification and its properties are studied previously 

and found to have better properties when reducing the master alloy content from 2.5 wt.% MA to 1.5 

wt.% MA which results in an overall boron content of 0.2 wt.% reduced to 0.12 wt.% [5,12]. Also, Figure 

2 (a & b) shows the microstructure of the Fe-Mo+1.5MA sample after sintering and HIP. Figure 2 (a) 

shows the microstructure after sintering contains porosity and has a relative density of ~ 95.2 %. The 

sample after HIP shown in Figure 2(b) is fully dense. Though the grain coarsening after HIP is observed 

due to long dwell time at high temperature in the HIP, and the desired microstructure and grain size can 

be attained by optimising the HIP parameters. 

  

 
Figure 2: Optical micrograph of Fe-Mo+1.5MA specimens after sintering (a) and after HIP (b) 

The results of the density after sintering and HIP, the impact energy and the hardness values of all the 

six samples after HIP were summarised in Table 2. Sintering in pure hydrogen atmosphere increases 

the relative density from 92 % to around 95 % and maximum 97 % due to LPS mechanism. The liquid 

forms in two stages, due to master alloy melting and eutectic reaction, which was reported in the 

previous work [5]. The amount of liquid formation corresponds to the amount of MA addition, and also 

from the presence of Mo and C content. So, the maximum sintered density up to ~ 97.5 % is reached 

for Fe-Mo+2.5MA+C sample having the most alloying additions. 

 

Table 2: Properties of the capsule free HIP: ed samples 

Designation 
Samples 

Sintered 
density 
(g/cm3) 

HIP:ed 
density 
(g/cm3) 

Relative 
density 

% 

Impact 
energy 

(J) 

Hardness 
 

(HV10) 

Fe+2.5MA 7.49 7.85 100.0 > 150* 135 ± 7 

Fe+2.5MA+C 7.64 7.81 99.7 5 290 ± 14 

Fe-Mo+2.5MA 7.47 7.83 99.6 10 203 ± 5 

Fe-Mo+2.5MA+C 7.67 7.82 99.7 3 406 ± 16 

Fe-Mo+1.5MA 7.45 7.85 100.0 11 188 ± 4 

Fe-Mo+1.5MA+C 7.53 7.84 100.0 7 252 ± 7 
*no failure occurred after impact testing and 150 J is the maximum limit, see Figure 3. 

 

The surface densification observed in Figure 1, enables to do capsule free HIP, resulting in full 

densification. An interesting observation is that Fe+2.5MA, Fe-Mo+1.5MA and Fe-Mo+1.5MA+C 

samples reached 100 % density after the HIP process. Whereas rest of the samples were not reaching 

full density after the HIP process, even though they have a higher amount of master alloy content which 

will generate more liquid phase during sintering.  

 

The impact testing shows that all the samples exhibit lower impact energy values except for Fe+2.5MA 

which did not break even after exceeding the impact tester limit of 150 J, see Figure 3, The IE values of 

sintered samples reported in the previous work [5] showing IE values of around 82J. The IE values for 

rest of the samples after HIP shows < 10 J for carbon-containing samples whereas sintered samples as 
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reported by other authors show that Fe-Mo+1.5MA samples result in the maximum IE values of around 

~121 J and 49 J for the samples with and without carbon [5]. For the HIP:ed specimens the 

microstructural embrittlement observed in this study, is mainly due to the faster cooling in the HIP cycle, 

which readily forms bainite which is evident from the microstructures shown in Figure 4 (b-f).  

 

 
Figure 3: Picture of the Fe+2.5MA HIP: ed sample after impact testing 

Figure 4: Optical micrographs of the HIP:ed samples Fe+2.5MA (a), Fe-Mo+2.5MA (b), Fe-Mo+1.5MA 

(c), Fe+2.5MA+C (d), Fe-Mo+2.5MA+C (e), Fe-Mo+1.5MA+C (f)  
 

The optical micrographs in Figure 4 show etched microstructures of the HIP:ed specimens; Figure 4 (a-

c) and (d-f) represents the samples without carbon and with carbon, respectively. Except for Fe+2.5MA 

as in Figure 4 (a), all the samples exhibit a continuous network of borides along the grain boundaries. 

The microstructure after HIP results in a homogenous microstructure for the Fe+2.5MA sample, which 

contains ferritic matrix and with randomly dispersed borides and without any evidence of particle 

boundaries. Also, the hardness values are lower in case of Fe+2.5MA which can be correlated to the 

ferritic structure. For Fe-Mo+2.5MA and Fe-Mo+1.5MA samples as in Figure 4 (b & c), the microstructure 

looks similar having a continuous network of borides at the grain boundaries and the hardness values 

for these samples are around 200 HV. However, the matrix is mainly ferritic with the distribution of 

alloying elements. For the carbon-containing samples as in Figure 4, the microstructure is pearlitic (d) 

and bainitic (e & f) with the network of borides along the grain boundaries. The hardness is higher for 

the 2.5MA samples than 1.5MA sample and, the difference is mainly due to the amount of master alloy 

content forming a more continuous network of borides along the grain boundaries. All the dark spots 
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which are visible in microstructure are inclusions arising after HIP, mainly from the presence of oxygen 

from argon gas used for the HIP. 

 

  
Figure 5: Thermo-Calc simulation showing the eutectic liquid formation with varying pressures, P=1 
bar (a) and P=100 MPa (b) 

Thermo-Calc simulations were performed to simulate the eutectic liquid formation temperature with and 

without pressures and the plots were shown in Figure 5 (a & b), to specify the influence of pressure on 

the liquid formation during HIP; there is a slight shift in the liquid formation temperature to a lower 

temperature at pressures of 100 MPa as indicated by the arrow in Figure 5. Further, the liquid formation 

temperature obtained from simulations correlates with the temperature of liquid formation as indicated 

by earlier DSC results [5], showing a similar trend.  

 

 
Figure 1: Optical micrograph of the polished surface of the Fe+2.5MA+C sample after HIP 

The reason for not reaching full density after HIP as reported in Table 2 in case of Fe+2.5MA+C, Fe-

Mo+2.5MA and Fe-Mo+2.5MA+C samples is due to the presence of pores along the edges after HIP as 

seen from Figure 6 for Fe+2.5MA+C. These pores are formed along the grain boundaries due to the 

outward migration of the generated eutectic liquid during the HIP. It has been observed after HIP that 

these samples were bonded together from their proximity in the HIP chamber. So, it is evident, that the 

eutectic liquid formation occurs below the HIP temperature of 1150 °C. The temperature for HIP needs 

to be optimised and performed below the eutectic liquid generation, taking into account that the different 

alloying systems have different eutectic liquid formation temperatures and that they are affected by 

pressure as observed in Figure 5 (b). Hence, full density can be reached by optimization of HIP 
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temperature by avoiding eutectic liquid generation. The final microstructure and impact properties can 

be tailored by controlled temperature, dwell time and the cooling rate. 

 

Conclusion 

PM components with boron-containing master alloy can reach higher density levels of about 95 % due 

to liquid phase sintering and also enables surface densification. Full densification in PM steel is achieved 

from subsequent capsule free HIP process. However, microstructure embrittlement occurs mainly from 

the faster cooling during HIP. The HIP parameters such as temperature, dwell time and cooling rate 

needs to be further optimised when used for PM steels containing liquid phase forming additives, 

especially performing HIP below the eutectic liquid formation temperature with reduced dwell time and 

controlled cooling rate. 
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