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ABSTRACT

The wear resistance of Fe-based composite coating is significantly related with the character of carbides and matrix,
which could be strongly affected by C comtent init. In this work, the Fe-based composite coatings with different C contents
were prepared. The mioro-structure and phase structure of the coatings were analyzed by scanning electron microscope
(SEM) equipped with an energy-dispersive spectroscopy (EDS) and X-ray diffractometer (XRD). The hardness and wear
resistance of the coatings were determined. Then the hardness and brittleness of carbon poor niobium carbides were
calculated by first principles calculation. The results show that, the phase structures of the coatings are mainly composed
of MbC, ¢ phase (retained austenite) and a phase (martensite). With the increase of C content, the retained austenite
appears and C content of martensite is increazed. The hardness of the coatings are increased from HRC 22 1o HRC 55. The
distribution and morphelogy of NbC are changed with the increase of C con-tent. The NbC precipitated in reticular grain
boundary can be cbserved when C content is 0.4 wt.3 C [C-1). NbC tum into granular and small rod morphology when C
content increases to 0.8 wt% C [C-2). The cracks and defects cannot been found on the surface of the coating when C
content is 1.2 wt.% C{C-3), whose hardness is HRC 58 and wear loss is 0.27 g/N cm2 in 8 h. The flaky M7C3 carbide
precipitates on the coating when C content is 1.4 wt.% C{C-4), which weaken the wear resistance of the matric. Compared
with the hard-facing coatings with different C contents, the C-3 coating processes higher hardness and wear resistance.



1,Introduction

For its excellent characteristics, such as high hardness, excellent wear resistance and cutstanding corrosion resis@nce,
mietal matrix composite (MMC) coating is widely applied in surface modification of metal materials. Generally, carbide,
nitride, boride and oxide, etc [1-3] were added into the matrix of iron, aluminum, titanium, nickel, etc [2,4,5] as reinfordng
phases to prepare composite coatings. Compared to all the matrix maternal, Fe-based composites coatings has a significant
advantage of price. Nicbium carbide (NbC) is commonly used as a reinforcement material because of its high hardness,
excellent wear resistance [6—8). Moreover, NbC equip with a similar density compared with iron matrix of coatings, which
could promote the distribution uniformity of MbC in coatings [9]. Hence, 3 number of researchers were attracted to
investizate the NbC reinforced iron matrix coatings [10-16). Hard-fadng prepared by GMAW (gas metal arc welding)
technology has the advantages of high quality, high efficiency, good adhesion and low price [17]. It could be used to repair
failure parts and strengthen the surface of the special parts, which can promote the establishment of a resource-saving,
environment-friendly manufacture.

The properties of composite materials are greatly related with the performance of NbC and matrix. Az known, the
hardness and substruciure of martensite in steel @n be affected by C content strongly. The change of the character and
miorphology of iron caused by C content has been investigated by researchers [18,13]. A chain of lath martensite, plate
martensite, adoular martensite, lenticular martensite have been observed with C content range 0C-1.8C [20-23]. Jang [24]
researched the stability of (Ti,M)C and M(C Va) carbides [Va equal to C vacancy) by first principle calculation and indicate
that carbon vacancies can decrease the lattice parameter and stability of Nb(C,Va) carbides. It is seems that C content was
an important factor for the micro-structure and properties change of both iron matrix and carbides.

First-principles calculation based on density functional theory (DFT) is an effective method for structure and
mechanical proper-ties study. Xu [25] studied the effects Ti substitutional additions on the mechanical properties of b-
TaSSi3 by thecretical calculation and found that the (Ta0902Ti0.092)5532 could achieve the optimum mechanical
properties. Zhang [26] investigated mechanical proper-ties of Fe7-xCrxC carbide and indicated that Fe4Cr3C carbide has a
ductile property and has higher hardness than other carbides. Mediukh [27] researched the mechanical properties of Ti-
Nb-B2 solid solutions and found that the calculation results of Bulk medulus, Young's modulus, BfG ratio, Vidkers hardness
and ideal shear strength were decrease from TiB2 to NbBE2.

In this work, MbC reinforced Fe-bazed composite coatings with different C contents were investigated by experiments
and first-principles caloulation. The relationship betwesn NbC and wear resistance of Fe-bazed composite coatings was
dizcussed in details.

2. Experimental methods and computational details

2. 1Experimental methods

Four Fe maftrix composite coatings with different C contents were preparsed by welding deposition hard-facing
technology [28]. The compositions of the coatings are listed in Table 1.

The migo-structure dharacterization and worn surfaces morphology of coatings were performed with a HITACHI
54800 field emission scanning electron microscope (FESEM) equipped with EMAX energy dispersive spectrometer ([EDS).
The phase identification of the coatings was carried out on a Rigaku 0/Max-2500/PC X-ray diffraction (XRD] with Cuka
operating at 40 KV, The micro-hardness was measured on the cross section of the coating with a load of 200 g for 10 s by
FRA-ARS 9000 micro-hardness tester. Wear resistance test was evaluated by abrasive belt type wear testing machine in dry
friction and 5iC of 40 mesh was used as the abrasive material. The wear velocity, leading fore and specimen size are 1.8
104 mmi/min, 100 g and 20 mm 10 mm 15 mm, respectively. Micro-hardness was obtained by the averages of ten
mieasurements and wear loss values were obtained by the averages of six measurements.

2.2, Computational details

First-principles calculations based on density functional theory (DFT) with ultrasoft pssudopotentials were employed
to evaluate some mechanical properties of carbon poor nichium carbide by using Cambridge Sequential Total Energy
Package (CASTEF] [23]. Generzlized gradient approximation [GGA) with the Perdew-Burke-Ermzerhof ([PEE) functional was
employed as exchange-correlation function [30]. On the basis of convergence tests, a plane-wave cutoff energy 350 &V was
selected and Brillouin zone sampling was s=t at 16 16 16 Monkhorst-Pack mesh. The medhanical parameters, bulk modulus
and shear modulus were calculated by the Voigt-Reuss-Hill [VRH) approximation method [31].



The equilibrium phase diagram of the system was calculated by Thermo-Calc software [databases: TCFE7). The
calculation elements contents were based on C-1 coating.

Coatings compositions (wt. %),
Coatngs C Cr N M 51 v Ta Fe
-1 04 34 45 L1 1.2 0.5 0.3 Bal
-2 0.8 33 44 132 1.5 0.5 0.3 Bal
-3 1.2 id 44 11 14 0.5 0.3 Bal
-4 14 53 45 L0 1.3 0.5 0.3 Bal

Table 1 compositions of the coatings
3. Micro-structure of coatings

3.1. ¥RD results of coatings

The XRD result is shown in Fig. 1. The costings are mainly com-posed of NbC, a phase (martensite] and c phase
{retzined austenite). The variation of tetragonality in the martensite crystals can be revealed by the X-ray peak profiles. It
is noted that the a phase came out peaks shift caused by lattice constant changes and dis-solved C contents [32]. And the
peaks of a phase show considerable broadening, which indicates the grain refinement of the marten-site. Furthermore, the
retained austenite appears in C-3 and C-4 coatings. Besides, the peaks shift of NbC can also be seen and none of other peak
could be observed in any coating.

3.2, Micro-structure of coatings

The micro-structures of coatings are shown in Fig. 2. Apparent morphologies variation of NbC could be seen im
coatings. Reticular MbC and small rod NbC could be observed in C-1 coating, which are replaced by granular MbC and small
rod MbC in C-2, C-3 and C-4 coatings. With the increase of C content, a reduction of the amount of small rod NbC could be
seen. Moreover, the size and amount increasing of granular NbC could also be found. Motably, some filaky structures and
cracks can be seen only in C-3 coating.



4. Hardness and wear resistance of coatings

Since the matrix of coatings have been affected significantly by C contents from the result of ¥RD, it is necessary to
mieasure the hardness of matrix. The average Vickers hardness of matrix {the area without NbC) and Rockwell hardness of
coatings with different C contents are shown in Fig. 3. A significant inarease of the hardness of matrix can be seen and the
hardness of C-4 coating (780 HV) is slightly higher than that of C-3 coating (750 HV), which is much higher than those of C-
1 coating (270 HY) and C-2 coating (550 HV). The Rockwell hardness of coatings perform a similar result. The hardness of
-4 coating is the highest (HRC 53] and the hardness of C-3 coating is slightly lower {HRC 58] than that of C-4 coating. The
hardness of C-1 and C-2 coatings are HRC 22 and HRC 48 respectively.

The wear loss of the coatings with different C contents are shown in Fig. 4. It could be found that the wear resistance
of each coating performs significant alterations with different C contents. The wear boss of C-3 coatingis 0.27 g/ em2 in &
h, which is the lowest in all coatings. The wear loss of C-4 coating is slightly higher than that of C-3 coating, which is
inconsistent with the hardness tendency. To achiswve a better understand of wear resistance, the worn surfaces
morphologies of the C-3 and C-4 coatings are illustrated in Fig. 5. Both of C-3 and C-4 coatings present numerous similar
furrcws paralleling to each other on the surface, and C-4 coating is slightly smoother than C-3 coating, which benefit from
the slightly higher hardness of matrix. It is noteworthy that, some broken area could be cbserved in C-3 coating and one of

them is shown in Fig. 5{b). Discussion

As showm in Fig. 4, the wear resistance of coatings presents a decrease when C contents increase to 1.4 wit%. The
main factors impacting wear resisi@nce of these coatings are the hardness of matrix, the morphology of MbC, the hardness
of MbC and the defects of coatings. The hardness variations of coatings and matrix have beesn investigated before.
Therefore, the morphology changes of Mb the hardness of NbC and the source of defects will be discussed as follows.

5.1 Morphology of NbC

In this work, the morphologies of MbE include granular NbC, small red NbC and reticular NbC. Morphology changes of
MbC mainly depend on the formation seguence of MbC and matrie. The equilibrium phase dizgram of the coating is shown
in Fig. 6. The phase diagram contains liquid phase, NbC, ¥ phass, 0@ phase, M : and M:Cse The granular NbC
precipitates out earlier than matrix. The small rod MbC precipitates out together with matrix. And the reticular NbC
precipitates out at grain boundary just after solidification of matrix. It could be cbserved that the solidification mode of C-
leoatingis L == L + @ == L + a = Kol == a + XbC. The precipitation temperature of NbC is 1432 T, which is
lowerthanthatof 2 phase (1437 T)and both of them are finished at a slightly lower temperature 1419 . Itis learned
that the granular MbC can-not form in C-1 coating, replaced by small rod MbC and reticular NBC, which has been mentioned
in Fig. 2(a). The solidification modes of C-2, C-3 and €4 coatingsare L —~ L+ MNbC—~ L+ ¥+ MNbL —~ v + Nbi. The
precipitation temperatures of NbC are 1527 'C, 1557 T and 1627 T respectively, which are sarfier than those of 7
phase (1425 T, 1420 LC and 1413 T). Granular NbC can separate out from liquid phase. Furthermore, the precipitation
temperature interval betwesn MbCand v phase is broadened with the increase of C content, which can cause the slightly
size increase of granular NbC and the obviously amount decrease of small rod MbC.

5.2, Theoretical hardness of NbC and carbon poor niobivm carbides in coatings

The hardness of NbC, which has an important effect on wear resistance should be learned. However, it is difficult to
get the hardness value of NEC by experiment in this work due to their sizes and crystal orientations, whidch could have a
huge impact on hardness [33]. Therefore, the theoretical hardness calculation of MbC and carbon-poor niobium carbide is
needed to give a trend of hardness changes caused by carbon vacancy.

The NbC and carbon poor nichium carbide models are shown in Fig. 7. The formation energy increase and |attice
parameter decrease of the NbCx have been reported [24,34]. The Bulk modulus (B} and Shear modulus (G) can be obtained
directly from calculations. The elastic modulus (E) and Poisson’s ratio (m) could be obtained from B and G by the following
relationship:



E=9BGI(3B+0) )

v=[3B-2G)/ 238+ (2]

2l these calculated results together with the previously published results are listed in Table.2. The theoretical hardness

can be get by Eq. [3) [35]:
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The calculated hardness of MbC, NbCars and NbCqs are shown in Fig. 8. The hardness value of NbC in this work is 24.5

GPa, which coincides well with other previously published results [36]. The hardness of MbCays and NbCsc are 13.8 GPa and

6.5 GPa, respectively. It can be seen clearly that lack of carbon can dramatically decrease the hardness of nichium carbides.

The brittleness of these carbides can be assessed by the Pugh’s modulus ratio ‘K", and the carbide equipped with brittle

character when ‘K’ is bigger than 0.571. From Fig. 8{b), the values of NbCyr and NbCos are smaller than 0.571, which
indicate that lack of carbon can decrease the brittleness of niobium carbides.

The calculation results show that [attice parameter of nicbium carbides iz decreased with the decreasze of C content.
From the ¥RD results (Fig. 1), the peaks shift of nicbium carbides can be seen and it is believed that this change was caused
by C contents variation in nicbium carbides. 5o, it is reasonable to make a comparison of lattice parameter between
theoretical calculation and ¥RD results to estimate the hardness and brittleness of nichium carbides in different coatings.
Lattice parameter of NbC and MbCers are 4469 A and 4.427 A According to the well known Brags’s law, the 28 ([11 1)
crystal plane] value of the two carbides are 34.739% and 35.077° . The 2 § {{1 1 1) crystal plane) value of car-bides in four
coatings are 34907 (C-1), 34.80° (C-2) and 24.78° (C-3, C-4). As shown in Fig. 9, the estimated hardness of carbides in
four coatings are 15.4 GPa[C-1), 22 5 GPa|C-2) and 23.2 GPa(C-3, C-4). The G/B walue of carbides are 0. 573{C-1), 0.62Z{C-2)
and 0,631 GPa(C-3, C-4). The hardness and brittleness of niochium carbides in coatings are increased obvicusly with the
increase of C content.Considering the |attice misfit (d) between ferrite and carbide, a contraction of MbCx is of great
significance. The crystallographic orientation of the ferrite with the Mall type carbide usually has a Baker-Mutting

relationship [37]):  (100), (lm}ﬂ._,_.‘ (0107, Fl]ll]w‘ and the lattice misfit can be obtained by Eq. (4):

&= I:am.-\}:.'\d.' - ﬁﬂu } / a:lr':ll..l'l.'

(4]
The calculated lattice parameters of dy,- , @y, and a, are4.465 4, 4427 4 and 2.873 A, respectively. The

misfit of NbC with ferrite is 8.7% and it decreases to 8.2% in the case of NbCazs which is benefidal to the coherency of
carbides with Fe matrix.

5.3. Flaky structure and cracks on C-3 coating

The flaky structure has been found in C-4 coating, which is shown in Fig. 10{a) and its composition is listed in Table 3.
By using energy spectroscopy, the structures, which are mainly composed of elements Fe, Cr, C, can be alternatively
supposed to be MyC: or MpaCs, according to the eguilibrium phase diagram. M:Csis usu-ally obtained by the diffusion
controlled transformation MpCz—=M;:Ce [38] during cooling, and the transformation does not ocour in high cooling rate
[39—42]. Furthermiore, the formation of MuCs is in connection with Cr percentage with a lower limit of around 60 wt.%
[23]. Considering the high cooling rate of welding process and Fe, Cr, C percentage of the structure, the flaky structure is
supposed to be M;Cs. It is noteworthy that part desguamation of M;Cy can be seen in Fig. 10(za) and the hole like structure
remains after M;Cs carbide entire desquamation which is shown in Fig. 10(b). Some oracks can be se=en growing on the edge
of MpCs.

5.4, Wear resistance of coatings

The wear resistance of the coatings is shown in Fig. 5, in which, that of C-4 coating is decreased compared with that
of C-3 one. Obviouws variation of coatings could be seen with the increase of C contents. The increase of hardness of coatings,
migtrix and nicbium carbides would increase the wear resistance of C-3 coating. And the morphology changes of MbC may
also indicate that the increase of the wear resistance of C-4 coating is related with granular NbC, whidh is supposed to be
the best morphology [43,44]. However, the hole like structwres (Fig. 10{b)] which resulting from the desquamation of flaky



W5 Cs turn into broken area [Fig. Sib)) during wear process. The desquamation of flaky and the MyC: cracks nearby mizy be
the miajor factor to decrease the wear resistance of C-4 coating.
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6.Conclusions

i1} Distribution and morphology of NbC are changed obviously and they tend to separate out in form of granular with
the increase of C content.

{2} Lack of carbon can dearease the hardness and brittleness of NbCx carbides and decrease the misfit of nicbium carbides
with the Fe matrix.

(3] The flaky M;Cs: separate out at 1.4 wi% C and the desquamation of the carbides decrease the wear resistance of
coating.

(4] The coating with 1.2 wt.%C content is equipped with the best wear resistance.
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Elastic Bulk Shear Passion
Phase [Lathce constants modulas modulus modulus ratio [Formzhon energy
2 (&) E (GPa) B (GPa) G (GPa) m E:. (2V/atom)
M 4459 509 316 206 0.23 0.3
4468 [34], 447 0.56 [36], 0.73
[37] 485 [36] 318 [24] 0.22 [36] [24]
MbCors 4427 355 282 133 0.25 047
MbCas 4341, 4467(c) 229 243 85 0.34 0.35

Table 2 Caleulated results of lathce constant, Elastic modulis, Bulik modulus, Shear modulus, passion ratio and formation

Chemical alement Weaight percentaze Atorn percentage
51 0.5 0.68

v 342 2.55

Cr 30.52 2238

Mn 1.89 131

Fa 51.54 3106

C 12.02 35.02

Table 3 EDS analy=is results of Arvea 1.
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