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Abstract

:

In this paper, we demonstrate that trace amounts of P addition can activate the sintering of carbonyl powder and influence the magnetic properties of the sintered materials. Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) samples were fabricated by doping carbonyl powder with different amounts of Fe3P. They were sintered at 1000 °C in argon for 2 h. The sintering of the Fe-0 wt.% P sample was interrupted by the ferrite-austenite transformation at 912 °C due to the low diffusion rate of the austenite. The addition of P can stabilize the ferrite, and suppress the ferrite-austenite transformation. Therefore, all the P-containing samples shrank continuously throughout the whole sintering process, which showed improved sintering densities compared to the P-free sample. However, the sintering density did not increase monotonously with increasing P content. The Fe-1.4 wt.% P and Fe-1.6wt.% P samples easily got oxidized during sintering, and the densification process was thus influenced by the P-containing oxide particles. As a result, the Fe-1.2 wt.% P sample exhibited the highest sintering density (7.664 g/cm3) and the best magnetic properties (coercive force 172 A/m).
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1. Introduction


Fe-based soft magnetic materials are widely used in electronic, computer, and telecommunication industries due to their quick magnetization and demagnetization, high permeability, and high magnetic induction in a weak magnetic field [1,2,3,4,5,6,7]. Wrought process is a traditional method for processing Fe-based soft magnetic materials. However, it is not a net shape fabrication method, and thus not suitable for the fabrication of magnetic components with complicated shape [8,9,10]. As an alternative, powder metallurgy is more effective and economical in mass production of parts with miniature structures and a complex shape [11,12]. Therefore, it has been applied to the fabrication of various Fe-based soft magnetic materials [13,14,15].



The sinterability of pure iron is not good [16,17]. Pure iron needs to be sintered at high temperatures in order to produce soft magnetic materials with high density, high permeability, and low coercivity [18]. To meet this end, a technology called δ-phase sintering process has been invented and used to facilitate the sintering of pure iron. When the pure iron is sintered at 1400 °C, its structure is transformed into δ-phase with a BCC (body-centered cubic) structure, which has a lower atomic packing density than FCC (face-centered cubic) γ-phase, therefore resulting in an improved self-diffusivity and higher sintered density. A relative density of 99.8% and good magnetic properties are obtained from pure iron by the use of this method [19].



The sintering density and magnetic performances of iron can also be improved by the addition of alloying elements, such as Ni and Si [20,21,22,23,24]. Therefore, a lot of research focuses on the sintering process of Fe-50%Ni [22,25] and Fe-Si [21], and the influence of interstitial elements, such as O, C and N, on their magnetic properties. Phosphorus is also an important alloying element for Fe-based soft magnetic material. Fe-P alloys are well known for their low coercivity, high permeability, and good workability. Moreover, P can improve the sinterability of iron and Fe3P is used widely in industry as a sintering aid for iron-based alloys. The addition of P ranging from 0.3 wt.% to 8 wt.% has been studied [2,3,5,8,15,16,26,27]. Additionally, the influence of P on the sintering process of Fe-Ni and Fe-Si alloys has been investigated, which proves that the addition of P can help Ni and Si diffusing into the Fe matrix and thus improve the magnetic properties [15,22,28,29].



However, there is a disadvantage of using P in high-temperature sintering. Phosphorous has a very low boiling point, ~280 °C, and therefore is a volatile element at elevated temperatures. Nevertheless, current research indicates that most of the Fe-based soft magnetic materials need to be produced at temperatures higher than 1200 °C, and the loss of P at the sintering temperature is significant [2,5,9,15,26,30,31]. Therefore, it is useful to develop a technology which can produce Fe-P alloys at relatively low temperatures. In this research, we used P to stablish the BCC structure of α-Fe and optimize the sintering parameters of Fe-P alloys. Fe-P alloys with good density were successfully produced at 1000 °C. This research can shed light on the low-temperature sintering process of Fe-P alloys.




2. Experimental Procedure


Carbonyl iron powder (D50 = 4.34 μm, Yuean, China) and Fe3P (D50 = 11.90 μm, produced in-house) powder were used as raw materials. The particle size of the powders was measured by a laser particle size analyzer (Mastersizer3000, Malvern, UK). The morphology of the powders was observed by using a scanning electron microscope (SEM, ZEISS, EVO 10, Oberkochen, Germany). Figure 1 shows the SEM micrographs and particle size distribution of both powders. The carbonyl powder is spherical in shape, while the Fe3P powder, produced by crashing the casting ingot, has an irregular morphology. Six batches of powder mixtures with different nominal compositions (Fe with 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.% P, respectively) were produced by blending the carbonyl iron powder with different amounts of Fe3P in a 3D mixer (Willy A. Bachofen AG Maschinenfabrik, TURBULAT2F, Muttenz, Switzerland) for 8 h. Subsequently, the powder mixture was compacted in a cold-pressing machine under a pressure of 400 MPa to produce cylindrical green samples (Ø10 mm × 10 mm). The sintering behaviors of the green samples were studied in a dilatometer (DIL, NETZSCH, 402 C, Freistaat Bayern, Germany), where the samples were heated under flowing argon at a rate of 5 °C/min to different temperatures (900~1300 °C) and soaked at the temperature for different times (0.5–5 h).



After sintering in the DIL, the microstructures of the sintered samples were observed by using a scanning electron microscope (SEM, ZEISS, EVO 10, Oberkochen, Germany). The compositions of the samples were analyzed by using the energy dispersive spectroscopy (EDS, Oxford Instrument, model, Oxford, UK) with which the SEM was equipped. The grain sizes of the sintered samples were measured from the SEM micrographs through image analysis. The sintering density of samples were measured by using a density balance (METTLER TOLEDO, Practum 224-1 CN, Zurich, Switzerland) according to Archimedes’ principle. The enthalpy variation of the samples during sintering was measured by a simultaneous thermal analyzer (STA, NETZSCH, 400F3, Freistaat Bayern, Germany) equipped with a differential scanning calorimetry (DSC, NETZSCH, 400F3, Freistaat Bayern, Germany) detector. In order to evaluate the soft magnetic properties of the sintered samples, their coercive forces were determined by a coercimeter (TOHOKU, K-HC1000, Sendai, Japan).




3. Experimental Results


3.1. Effects of Sintering Parameters and P Contents on the Sintering Density


Figure 2a shows the sintering densities of the Fe-0.8%P samples sintered to different temperature ranging from 900 to 1300 °C. The sintering density of samples increases gradually with the increasing of sintering temperature. When the temperature increased from 900 to 1000 °C, sintering density increased sharply from 7.50 g/cm3 (relative density 95.5%) to 7.63 g/cm3 (relative density 97.2%). However, the sintering density increased slowly with the sintering temperature above 1000 °C. Figure 2b shows the influence of soaking time on the sintering density of the Fe-0.8%P sample. Two groups of samples were sintered at 900 to 1000 °C separately, and held at the temperatures for different periods of times (ranging from 0.5 to 5 h). At both temperatures, the sintering density increased with soaking time. The influence of soaking time was significant when the soaking time was shorter than 2 h. When the soaking time increased from 0.5 to 2 h, the sintering density of the sample sintered at 900 °C increased from 7.44 to 7.53 g/cm3, while those sintered at 1000 °C increased from 7.56 to 7.64 g/cm3. However, further prolonging the soak time only increased the sintering density slightly. Based on the results shown above, samples with different P contents (0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) were sintered at 1000 °C for different periods of time (1, 2, and 3 h). The green densities and sintering densities of the samples are listed in Table 1 and Table 2 respectively. The sintering densities are also shown in Figure 3. As what have already been found in Figure 2b, the sintering densities of samples with different P contents all increased with soaking time. Moreover, Figure 3 indicates that the addition of a small amount of P can improve the sinterability of the carbonyl powder significantly. With only a 0.6% addition of P, the density of the sample sintered at 1000 °C for 3 h increased from 7.32 to 7.53 g/cm3. In the meantime, the corresponding relative density increased from 93.3% to 96.0%. When the P content increased to 1.0%, the sintering density of the sample increased further to 7.67 g/cm3. However, further addition of P had an adverse effect on the sintering density. As a result, the sintering densities of samples containing 1.4 and 1.6 wt.% of P were lower than that of the 1.2 wt.% sample.




3.2. Thermal Analysis


Figure 4a shows the DIL curves of samples with different P contents (0, 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6 wt.%). All the samples showed expansion when they were heated from RT (room temperature) to ~535 °C. The expansion rates in this stage varied from 0.96 × 10−5 to 1.79 × 10−5 K−1, which were caused by thermal expansion of the samples. The samples started to be sintered when the sintering temperature was higher than 550 °C. The thermal expansion was offset by the shrinkage caused by sintering, therefore the expansion slowed down and finally changed to shrinkage.



The samples exhibited different sintering behaviors with the addition of P. The sintering of the P-free sample suddenly stopped at 912 °C, and the sample’s dimension remained almost unchanged when the samples were soaked at 1000 °C subsequently. However, the sintering interruption did not occur in the 6 P-containing samples. They continued shrinking at above 912 °C and the following 1000 °C soaking. The difference between the P-free and P-containing samples was observed in the cooling stage as well. All the samples shrank due to thermal shrinkage. The P-containing samples shrank continuously in this stage, but the shrinkage of the P-free sample was interrupted at 912 °C by a sudden jump in its DIL curve. Due to the influence of P, the P-containing samples exhibited larger shrinkage in the whole furnace cycle than the P-free sample. This confirms that the addition of P benefited the sintering and the DIL results accord well with the sintering density data shown in Figure 3.



Figure 4b shows the DSC curves of samples with 0.8, 1.0, 1.2, and 1.4 wt.% of P when they were scanned from RT to 1000 °C in argon. An endothermic peak was found at 770 °C, which was obviously corresponding to the magnetic transformation when the samples reached the Curie point of Fe. Apart from that, another endothermic peak was found at 910 °C in the DSC curves of the P-free sample and those containing P less than 1.0 wt.%. It was caused by the phase transformation of Fe from ferrite to austenite. However, this peak was missing in the DSC curves of the two samples containing 1.2 and 1.4 wt.% P.




3.3. Magnetic Properties


Table 3 lists the coercive force and magnetic induction under 6000 A/m (B6000) of samples with different amounts of P addition which were sintered at 1000 °C for 2 hr. The data are plotted together with the sintered density in Figure 5a,b. Apparently, the magnetic property and the sintering density of the material are positively correlated. When the addition of P increasing from 0.6 to 1.2 wt.%, the density of the sample increased from 7.31 to 7.66 g/cm3. In the meantime, the coercive force of the sample decreased from 211 to 172 A/m, and the magnetic induction increased from 543 to 768 mT. However, further increase of P content will adversely change the trend. Therefore, the sintering density, coercive force, and magnetic induction of the sample with 1.6 wt.% P were 7.63 g/cm3, 199 A/m, and 740 mT, respectively, which are all inferior to the sample with 1.2 wt.% P.




3.4. Microstructure Observation


The SEM micrographs of the samples with 0.8, 1.0, 1.2, and 1.4 wt.% of P, which were sintered at 1000 °C for 2 h, are shown in Figure 6. All the samples had equiaxial grains with white precipitates distributed along the grain boundaries. The grain sizes were measured and the results are listed in Table 3 and shown in Figure 5a as well. Increase in P content had little effect on the grain size of the sintered samples. In the samples with 1.2 and 1.4 wt.% of P, black particles with a size of several microns were formed, which were found either along the grain boundaries or inside the grains. EDS was carried out on the grain boundary precipitates and the black particles. The results are shown in Figure 6g,h, and suggest that the grain boundary precipitates only contain Fe and P, while the black particles are a kind of complex oxides of Fe and P.





4. Discussion


The experimental results show that the addition of small amount of Fe3P can significantly improve the sinterability of the carbonyl powder. Figure 7 shows a binary phase diagram of Fe-P. Phosphorous is a ferrite stabilizer which can reduce the austenite area in the Fe-P phase diagram. It suggests that the Fe-P alloys with P content higher than 0.5% contain no austenite at the sintering temperature (1000 °C). The self-diffusion coefficient of Fe and inter-diffusion coefficient of allying elements are much higher in ferrite than in austenite. Therefore, it is expected that the addition of Fe3P can benefit the sintering by preventing the formation of austenite. This claim has been confirmed by the experiment results. The sintering densities of all the P-containing samples are much higher than the P-free sample (Figure 3). The influence of P on the sintering of carbonyl powder is clearly revealed by the thermal analysis. Without the addition of Fe3P, carbonyl powder exhibits ferrite-austenite transformation at 912 °C. As a result, the sintering shrinkage is interrupted in the heating stage and a sudden dimension change is observed in the cooling stage at the transformation temperature in the DIL curve (Figure 4a). Accordingly, the DSC curve of the P-free sample exhibits an endothermic peak corresponding to the ferrite-austenite transformation as well.



The thermal analysis indicates that the ferrite-austenite transformation can be successfully suppressed by the addition of P. The transformation peak is still not seen in the DIL curves of all the P-containing samples, although endothermic peaks are found in the DSC curves of the samples containing 0.8 and 1.0 wt.% P (labelled by the broken elliptical line in Figure 4b. The peaks are significantly smaller compared to that in the P-free sample, implying that only a small amount of austenite is formed in the two samples during sintering. Moreover, the endothermic peaks completely disappear in the samples containing 1.2 and 1.4 wt.% P.



However, the sintering density does not increase monotonously with increasing P addition. As a result, the Fe-1.4 wt.% P and Fe-1.6 wt.% P samples have sintering densities lower than the Fe-1.2 wt.% P sample. The unexpected low sintering densities of the two samples with high P contents are presumably caused by the formation of P-containing oxides in them on the one hand. Table 4 lists the changes of enthalpy ΔH and entropy ΔS corresponding to the following reactions.


43Fe(s)+O2(g)= 23Fe2O3(s)



(1)






45P(s)+O2(g)= 25P2O5(s)



(2)







The letters s and g indicate the states of the substances in the reactions. Based on the data in Table 4, changes of Gibbs free energy ΔG of the two reactions can be calculated and plotted in Figure 7b. The results show that the ΔG of the oxidization reaction between P and O is smaller than that between Fe and O at 1000 °C, suggesting that P is easier to get oxidized than Fe at the sintering temperature. Therefore, P-containing oxides tend to form in the samples with high P-contents. Furthermore, according to the Fe-P phase diagram shown in Figure 7a, the solubility of P in Fe decreases exponentially with temperature and becomes quite low at RT. Phosphorous is more likely to precipitate from the samples with high P content and aggregates along the grain boundary, and subsequently reacts with oxygen to form oxides. Therefore, the Fe-1.2 wt.% P sample exhibits the highest sintering density and has few P-containing oxide particles. Because the P-containing oxide particles can hinder the movement of domain walls, they increase the coercivity and degrade the magnetic properties of the samples containing 1.4 and 1.6 wt.% P. As a result, the Fe-1.2 wt.% P sample possesses the best soft magnetic properties among all the samples.




5. Conclusions


Green parts of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) are fabricated by doping carbonyl powder with different amounts of Fe3P. They were used to investigate the influence of Fe3P addition on the sintering behaviors and magnetic properties of the sintered carbonyl powder. All the P-containing samples sintered at 1000 °C for 2 h had sintering densities higher than the P-free sample. The thermal analysis reveals that the sintering process of the P-free sample is interrupted at ~912 °C when the sample is transformed from ferrite to austenite. The ferrite can be stabilized with the involvement of P. Therefore, the ferrite-austenite transformation can be successfully suppressed, and the high diffusion coefficient of the ferrite ensures that the sintering proceeds continuously throughout the whole furnace cycle. However, the sintering density does not increase monotonously with the P addition, and excessive P addition can form oxide particles which have adverse effects on the magnetic properties. As a result, the Fe-1.2 wt.% P sample exhibits the highest relative density (7.66 g/cm3), the lowest coercive force (172 A/m) and the highest magnetic induction (768 mT) after sintering.
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Figure 1. Micrographs showing the morphology of (a) the carbonyl iron powder, (b) the Fe3P powder; and particle size distribution of (c) the carbonyl iron powder, (d) the Fe3P powder. 
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Figure 2. Sintering densities of Fe-0.8%P samples sintered at different temperatures for 2 h (a), and those sintered at 900 °C and 1000 °C for different periods of time (b). 
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Figure 3. Sintering densities of samples with different P contents, which are sintered at 1000 °C for 1, 2, and 3 h. 
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Figure 4. Analysis results: (a) Dilatometer (DIL) curves of samples with different P contents and the corresponding temperature profile, which indicate that the sintering of the Fe-0%P sample was interrupted at 912 °C, but the Fe-0.6–1.6%P samples shrank continuously during sintering, and (b) differential scanning calorimetry (DSC) curves of samples with different P contents scanned from RT (room temperature) to 950 °C at a heating rate of 15 °C/min, which reveal an endothermic peak at 912 °C corresponding to the ferrite-austenite reaction in the Fe-0%P sample. The endothermic peak became smaller or disappeared completely in all the P-containing samples. 
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Figure 5. (a) Sintering densities and grain sizes, (b) coercive force and magnetic induction under 6000 A/m (B6000) of samples with different P contents sintered at 1000 °C for 2 h. 
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Figure 6. SEM micrographs of samples with (a) 0.6 wt.%, (b) 0.8 wt.%, (c) 1.0 wt.%, (d) 1.2 wt.%, (e) 1.4 wt.%, and (f) 1.6 wt.% contents of P, which were sintered at 1000 °C for 2 h. P-rich bright precipitates were distributed along grain boundaries in all the samples and P-containing black particles were seen in the Fe-1.4 wt.% and Fe-1.6 wt.% samples. EDS spectra revealed the chemical compositions of the bright precipitates (g) and the black particles (h). 






Figure 6. SEM micrographs of samples with (a) 0.6 wt.%, (b) 0.8 wt.%, (c) 1.0 wt.%, (d) 1.2 wt.%, (e) 1.4 wt.%, and (f) 1.6 wt.% contents of P, which were sintered at 1000 °C for 2 h. P-rich bright precipitates were distributed along grain boundaries in all the samples and P-containing black particles were seen in the Fe-1.4 wt.% and Fe-1.6 wt.% samples. EDS spectra revealed the chemical compositions of the bright precipitates (g) and the black particles (h).
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Figure 7. (a) Fe-P binary phase diagram showing that the ferrite can be stabilized by P addition and (b) Gibbs free energies ΔG of the oxidation reactions of Fe and P suggesting that P is more prone to oxidization than Fe at the sintering temperature. 
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Table 1. A summary of green densities of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) samples sintered at 1000 °C for different times.






Table 1. A summary of green densities of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) samples sintered at 1000 °C for different times.





	
P Content (wt.%)

	
0

	
0.6

	
0.8

	
1.0

	
1.2

	
1.4

	
1.6






	
Green density (g/cm3)

	
Soaking time 1 h

	
5.72

	
5.71

	
5.71

	
5.72

	
5.71

	
5.72

	
5.72




	
Soaking time 2 h

	
5.72

	
5.72

	
5.72

	
5.72

	
5.71

	
5.72

	
5.72




	
Soaking time 3 h

	
5.72

	
5.71

	
5.72

	
5.71

	
5.72

	
5.72

	
5.71
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Table 2. A summary of sintering densities of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6 wt.%) samples sintered at 1000 °C for different time.






Table 2. A summary of sintering densities of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6 wt.%) samples sintered at 1000 °C for different time.





	
P Content (wt.%)

	
0

	
0.6

	
0.8

	
1.0

	
1.2

	
1.4

	
1.6






	
Sintering density (g/cm3)

	
Soaking time 1 h

	
7.31

	
7.51

	
7.53

	
7.57

	
7.59

	
7.53

	
7.59




	
Soaking time 2 h

	
7.31

	
7.52

	
7.62

	
7.63

	
7.66

	
7.64

	
7.63




	
Soaking time 3 h

	
7.32

	
7.53

	
7.62

	
7.63

	
7.67

	
7.64

	
7.64
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Table 3. A summary of coercive forces, magnetic induction, and grain size of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) samples sintered at 1000 °C for 2 h.






Table 3. A summary of coercive forces, magnetic induction, and grain size of Fe-x P (x = 0, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt.%) samples sintered at 1000 °C for 2 h.





	P Content (%)
	0.6
	0.8
	1.0
	1.2
	1.4
	1.6



	Coercive force (A/m)
	211
	187
	185
	172
	181
	199



	B6000 (mT)
	543
	599
	694
	768
	730
	740



	Grain size (μm)
	20
	27
	30
	31
	29
	29
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Table 4. The changes of enthalpy ΔH, entropy ΔS, and Gibbs free energy ΔG corresponding to the oxidation reactions of Fe and P.






Table 4. The changes of enthalpy ΔH, entropy ΔS, and Gibbs free energy ΔG corresponding to the oxidation reactions of Fe and P.





	Reaction
	ΔH (kJ/mol)
	ΔS (kJ/mol K)
	ΔG = ΔH − TΔS (kJ/mol)





	4/3 Fe(s) + O2(g) = 2/3 Fe2O3(s)
	−549
	−0.183
	ΔG = 0.183 T − 549



	4/5 P(s) + O2(g) = 2/5 P2O5(s)
	−602
	−0.192
	ΔG = 0.192 T − 602











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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