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Rutsarin Teerachavalkiat 2010: Kinetics of Boriding Process on Stainless Steels
AISI 304 AISI 420 and AISI 440C. Master of Engineering (Materials Engineering),
Major Field: Materials Engineering, Department of Materials Engineering. Thesis

Advisor: Mr. Patipan Juijerm, Dr.Ing. 129 pages.

The main objective of stainless steels is corrosion resistance. However, wear resistance
is much more required due to complicated and high - load applications. Thermo - chemical
surface treatments such as boriding process are frequently considered to enhance performance
of stainless steels. The boriding process involves a diffusion process of active boron atoms into
a substrate. A boride layer possesses many outstanding properties as compared to caburized or
nitrided layers. Thus, in this research, the boride coating on stainless steels AISI 304 AISI 420
and AISI 440C have been investigated using a salt bath containing borax and ferro - silicon 15
% wt. as a reducer at ambient. The boriding processes were performed at temperature range of
1123 - 1273 K and for about 1 - 9 h. The boride layers were characterized intensively by optical
microscopy, Scanning Electron Microscope (SEM) with Energy Dispersive X—ray Spectrometer
(EDS) and X-ray diffraction (XRD). The thicknesses of boride layers were measured using the
optical microscope with image analyzer program. The hardness values of the borided stainless
steels AISI 304 AISI 420 and AISI 440C were measured by Vickers microhardness tester. It
was found that near - surface hardness value of the borided layer of about 2000 HV was
detected. Moreover, the boride layer thickness increase with increasing boriding temperature
and time. The kinetics of the boriding process was analyzed by diffusion and Arrhenius
equations. An activation energy of the boriding process on stainless steels AISI 304 AISI 420
and AISI 440C is of about 292.07 386.35 and 312.61 kJ/mol. Finally, a general equation using
empirical parameters from experiment to predict the thickness of the boride layer was

established for industries.

Student’s signature Thesis Advisor’s signature
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72-1301 Quality: C

CAS Number:

Molecular Weight: 122.50
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Iron Boride
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CrK 8.55 3.12 0.0956 0.9390 1.0117 1.1767

FeK 45.04 15.32 0.4223 0.9391  0.9985 1.0000
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U

a g o ° 1A =
1273 a2 a9 2109 8 AN 2 Tunnwuani al2

ilostdualag ilostdualng K-
519) . Z A F
UIHUD (Wt %) 2NN (At %) Ratio
B K 35.17 73.45 0.0639 1.0653 0.1704 1.0001
CrK 11.54 5.01 0.1298 0.9521 1.0066 1.1732

FeK 53.29 21.54 0.5027 09526  0.9902 1.0000
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Qe 1273 1Aa3 Wual 9 ¥ Tu9 o @unian 3 Tuameudni a1
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ﬂ1§1ﬂwu]ﬂ‘ﬁ 12 ﬁmuumaﬂﬂm"liﬁun AISI 440C ﬁwmﬂiz‘uaumiueulimﬁqmwﬂu
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a g < ° " A =
1273 a2 Wual 9 2 109 8 AU 3 TunmmuaIny a12

ilostdualag ilostdualng K-
519) . Z A F
UIHUD (Wt %) LN (At %) Ratio
CK 12.02 33.43 0.0304  1.1425 02212  1.0004
OK 8.28 17.29 0.0343  1.1229 03681  1.0029
SiK 0.08 0.09 0.0004 1.0745 0.5087 1.0016
Crk 35.21 22.62 03662 09570 1.0012  1.0855
FeK 4425 26.47 0.4017 09582 09474  1.0002

NiK 0.17 0.10 0.0015 0.9739 09154  1.0000
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1273 a2 (T a1 9 ¥ g a1 dwvan 4 lumweuinn al2

wesidunlas  lesidunlag K-
510 . V4 A F
WININ (Wt %)  03ndN (At %) Ratio
CK 6.59 22.34 0.0146 1.1602 0.1909 1.0005
OK 4.87 12.40 0.211 1.1403 0.3781 1.0037
SiK 0.42 0.62 0.0021 1.0907 0.4608 1.0013
CrK 12.11 9.48 0.0960 0.9733 0.9943 1.2293
FeK 75.71 54.97 07695 09750 09893  1.0004

NiK 0.29 0.20 0.0026 09915  0.8980 1.0000
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3 qgj J < a { a A v
ﬂ1§13ﬂu3ﬂﬁ 41 ﬂ:nMﬁuwawumﬁauuﬂmuumaﬂﬂé’ﬂ%’ﬁuu AISI 304 ﬁmuﬂiwaummﬂ"lim W PUNHUUATLIAIN N

o A
ANNHHIVIIVUIAADD duiﬂi!uﬂﬁ)

gamgh nEaIMs ANUHINUDY
M3naeL 1naoL Fundoumag
GERN) ("i‘;"ﬂm) (Jalasiuns)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

123 1 280 287 273 287 293 207 260 253 233 240 260 193 253 240 2.67 2.55
4 287 340 340 293 273 287 353 300 3.87 3.3 380 213 333 153 233 2.9

6.25 5.95 4.39 5.95 3.33 5.54 5.47 5.42 6.02 6.40 4.82 4.95 421 4.95 5.42 5.82 5.24

9 7.77 6.95 7.19 8.25 8.25 8.12 6.95 7.77 8.12 8.30 7.72 7.42 7.37 6.95 7.77 7.66

7 1 776 833 775 758 834 675 750 7.7 733 775 800 883 7.58 7.58 825 7.77
4 8.42 9.18 9.58 9.25 10.00 10.02 8.75 8.83 9.42 9.58 8.83 8.83 9.08 10.00 10.00 9.32

6.25 10.88 12.04 12.53 11.61 1254 1256 11.16 1144 1237 1246 1244 1081 11.18 1144 12.79 11.88

9 17.50 17.92 16.33 17.00 16.25 16.84 17.19 17.02 15.60 1572 1333 1598 1586 1623 17.16 16.40

1223 1 8.42 9.12 9.12 8.60 8.42 10.00 10.18 9.47 10.00 10.53 9.30 8.60 10.35 9.12 9.12 9.36

4 1625 1500 1583 1625 1544 1542 1625 1542 1583 1500 1500 1542 1583 1542 15.44 15.59

6.25 1834 17.50 18.09 18.08 17.67 17.50 17.50 18.67 17.50 17.92 18.08 17.67 18.08 17.67 17.50 17.85
9 2083 21.67 2250 21.67 2125 21.17 2042 2075 21.58 21.17 2075 2133 20.00 22.08 20.75 21.20

173 1 2350 22.00 2542 2392 24.00 2375 2425 24.67 21.83 2392 2450 2350 23.92 2358 24.67 23.83
4 31.67 31.25 29.58 30.00 31.67 33.33 33.33 33.75 3458 33.75 32.08 30.83 3333 3375 33.75 32.44

6.25 37.92 38.17 3542 39.58 38.17 37.08 38.33 3625 37.08 3875 34.17 3875 35.08 37.92 3542 3721
9 46.5 437 4417 4292 40.0 433 37.9 4042 41.25 4333 41.25 42.08 42.50 39.17 40.83 41.94
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W QUNYULAZIINNC)

Qaumgi naIMs anuvnvesndey (hilasmns) ANUHINVDI
Mstnasy ey Fundoumag
GER) (%"'ﬂm) Jalasiuns)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
. 1 527 533 353 360 480 500 500 453 373 520 453 367 187 420 527 437
4 6.67 800 413 727 467 513 827 587 487 667 1067 493 807 720 527 6.51
6.25 7.13 9.53 7.38 6.93 8.53 6.40 9.20 891 11.73 7.87 7.40 9.20 8.00 7.73 6.13 8.14
9 1421 11.23 11.93 12,77 10.18 12.07 10.20 12.80 7.73 10.53 12.87 9.60 12.27 13.80 10.47 11.51
umn 1 4.17 1042 1208 625 1043 958 1043 792 1125 7.08 8.75 5.00 10.83 875 10.83 8.92
4 1542 875 1834 1834 1375 792 17.50 1126 1792 10.84 1500 1292 19.59 1042 18.33 14.42
6.25 1501 19.60 16.67 9.58 22.08 19.17 19.59 14.58 2042 9.58 2333 1500 1542 833 20.00 16.56
9 2417 21.27 12.08 22.50 13.75 17.50 24.17 13.75 2333 1833 9.17 2458 1583 1292 20.83 18.28
1223 1 12.92 18.33 10.00 17.08 17.08 17.08 16.67 14.58 833 16.67 15.00 10.83 15.00 13.75 16.67 14.67
4 30.00 30.00 2833 3333 3583 30.83 36.67 4125 37.08 39.58 3542 36.67 3625 25.83 40.42 34.50
6.25 4292 41.67 3250 4500 44.17 44.17 4292 4583 2458 40.83 4292 45.00 4292 30.83 42.08 40.56
9 39.17 39.58 44.17 22.08 4333 46.67 4333 4333 4292 2833 42.08 4292 4375 4542 42.92 40.67
7 1 47.09 5042 46.67 50.00 S1.67 49.58 45.83 49.58 47.08 49.17 49.17 46.67 44.17 4750 45.00 47.97
4 109.58 89.58 104.17 107.50 99.58 84.58 98.33 105.42 102.08 84.17 98.33 101.67 99.59 100.00 102.92 99.17
625  100.00 97.50 87.92 102.50 113.75 115.83 115.00 115.42 107.50 114.17 104.17 80.00 100.00 95.00 100.42 103.28
9 105.00 87.08 120.42 11542 112.92 116.25 117.92 112.08 120.42 113.33 119.17 95.00 91.67 107.50 113.34 109.83
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Qaumgi naIMs anuvnvesndey (hilasmns) ANUHINVDI
Mstnasy ey Fundoumag
GER) (%"'ﬂm) Jalasiuns)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

. 1 453 413 493 387 507 293 340 520 427 287 347 453 147 300 3.13 3.79

4 580 620 587 560 620 647 560 467 627 753 780 513 660 513 520 6.00

6.25 7.02 7.37 6.47 3.86 7.23 8.07 5.44 7.35 8.25 7.37 8.60 8.77 7.37 7.53 6.49 7.15

9 7.47 6.60 7.20 14.60 7.20 9.60 10.07 9.07 9.00 8.13 9.60 10.07 9.07 9.00 8.13 8.99

umn 1 10.33  9.58 7.92 825 10.75 9.17 7.25 9.43 8.92 7.50 8.75 1042 6.83 8.75 9.92 8.92

4 876 12.08 11.26 9.17 13.33 12.08 1333 9.58 11.67 9.17 7.92 1292 1376 792 1292 11.06

6.25 1750 9.8 17.92 17.50 1250 1626 17.50 875 1833 9.17 792 1375 1125 1833 7.10 13.53

9 12.50 21.67 19.17 15.00 13.33 20.00 13.33 22.50 9.58 20.42 20.00 25.00 18.33 12.08 22.50 17.69

1223 1 11.23 10.70 1193 895 1386 1246 842 1544 754 1193 1842 895 1053 649 1596 11.52

4 2474 17.37 2228 2544 20.88 22.81 19.65 25.61 26.84 18.60 21.93 28.07 2825 2491 19.47 23.12

6.25 26.67 2298 2491 18.60 2596 21.40 31.75 2246 3386 1737 26.14 17.54 20.70 23.51 14.04 23.19

9 1895 2544 2456 2228 27.19 35.00 24.58 37.09 4375 29.17 2125 32.50 3625 25.00 32.50 29.03

7 1 27.92 34.58 3375 32.50 34.58 40.83 2625 34.58 3542 29.17 3375 32.92 3458 3542 32.92 33.28

4 4959 38.75 49.17 46.67 56.25 57.08 49.17 46.67 5042 4792 52.08 3833 5042 37.92 54.17 48.31

6.25 59.17 60.00 56.67 39.17 60.00 52.92 5333 60.00 4542 57.50 7292 65.83 60.83 67.92 70.83 58.83

9 70.83 51.25 54.17 68.75 64.58 6542 4625 62.08 5375 6500 70.00 50.00 63.75 48.75 5292 59.17
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a a I ) a 9 tﬂy I
gavgd 1273 naau 1funa 9 92 Tue ndad I ludiemian

s2aev1991nAl (lulaswas) AT (HV 0.05)
17.08 2041.00
23.33 2029.00
45.84 560.40
51.67 529.83
57.92 378.00
74.59 251.47
97.92 238.10
130.88 214.93
14417 210.87
149.58 205.80
176.68 211.97
217.08 212.10
249.17 195.40

250.42 194.77
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ﬂTi‘NN‘H'Jﬂ‘ﬁ 2 mmmuﬁuwmmaﬂﬂéjﬂ%lﬁuu AISI 420 ﬁmuﬂﬁwaumi‘uaulﬁm U

a a I ) a 9 tﬂy I
gannil 1273 wadu funa 9 ¥ Tus mndud 1 lwidloman

seazv991nil (lulaswas) AU (HV 0.05)
27.50 1982.00
32.09 2000.00
47.92 2069.67
57.08 2059.50
78.33 1974.00
94.17 1656.33
118.75 446.40
151.67 491.50
163.33 555.87
193.75 550.50
203.75 550.93
237.08 560.77
247.92 551.87

278.34 553.56
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H 1 < < a {1 a
ﬂTi‘NN‘H'Jﬂ‘ﬁ 3 mmmuﬁuwmmaﬂﬂéjﬂ%lﬁuu AISI 440C ﬁmuﬂizummi‘uaulim U

a a I o a Y tﬂy I
gavgdl 1273 nadu 1Wunan 9 92 Tue ndad I luilenian

seazv991nil (lulaswas) AU (HV 0.05)
15.83 2065.00
16.67 2062.00
19.58 2069.33
34.58 2005.00
48.75 1834.67
64.17 759.40
76.67 679.30
83.75 663.80
122.92 635.03
148.75 636.60
150.42 645.57
172.92 638.30
195.42 639.50
220.42 627.57

254.59 632.89
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Abstract: Recently, stainless steels are used mainly for corrosion resistant applications.
However, wear resistance is much more required due to complicated and high-load
applications. Thermochemical surface treatments such as boriding, nitriding as well as
carburizing, are frequently mentioned. Thermochemical surface treatments involve a
diffusion process. Consequently, the kinetics of the thermochemical surface treatment is
important. Therefore, in this research, the kinetics of boriding process on stainless steel
AISI420 have been investigated using a salt bath containing borax and ferro-silicon as a
reducer at ambient. The boriding processes were performed at temperature range of 1123
— 1273 K and for about 1 — 9 h. The morphology of the boride layer was characterized by
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optical microscopy and X-ray diffraction (XRD). The thicknesses of boride laver were
measured using the optical microscope with Image Pro program. It was found that the
boride layer thickness increase with increasing boriding temperature and time. The
kinetics of the boriding process was analyzed by diffusion and Arrhenius equations. An
activation energy of the boriding process of 377.788 kJ/mol was calculated. Finally, a

general equation using empirical parameters from experiment to predict the thickness of
the boride layer was established for industries.

Key words: Stainless steel AISI 420, Surface treatment, Boriding, Kinetics
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2. 3EMInaase

manf19lunuisofiaemannar 12aiiy AISI 420 (@runaumaniidaaaslunisiai 1)

ynARUFIIRUINAN 12,5 . G425 W g3 sl Tasms¥adaunsza Mg

i ued 600 e sadsanlsniifaruaIueen nsvuaumsvelssnszilusrundouensnd

- i mm s g o 3 o aa ¢ a A a
waoumar Taodunles 1sdaneu 15 nlefidud lanimindudifures gungilumsndeui

Tusaa 1123 - 1273 K naznann ¥ lumaniiouia 1 -9 ¥2Tus

% % a d YW - fed o P
M1 drumaumaniveavannar 1 aivumudan AISI 420 (edua laoimin)

Elemen C Si Mn P S Ni Cr Fe
1
wt.% 030 025 043 0.018 0.028 032 1215 Bal

FundoufiAniuszgninsziosnaziuadaundosyansim wazmsiaeINYess diond
(X-ray Diffraction, XRD) fanuiiisvesiundonszgnasndoudioiniomadeunimuudaiy
Ty Tnsdnined Anuminvessuindeugnindiondesganssmisaufulsunsudingzinm
(Image analyzer) Nam'sﬂﬁamﬁ'lﬁ’ﬂzQnﬁwﬁms1zﬁﬁ‘mﬁum‘smﬂm‘s'uaznauwaﬁma{xﬁam
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Abstract

Nowadays. there are many complicated and high-load
applications for stainless steels, especially for martensitic
stainless steel. Therefore, wear resistance is much more
important. Boride laver possesses many outstanding
properties as compared to caburized or nitrided layers, e.g.
high hardness, oxidation resistance and low friction
coefficient. Therefore, in this research, the boride coating
on martensitic stainless steel AISI 440C have been
investigated using a salt bath at ambient. The boriding
processes were performed at 1000 °C and for about 1 —9 h.
Afterwards., an optical microscope, Scanning Electron
(SEM)

Spectrometer (EDS) and X-ray diffraction (XRD) were

Microscope with Energy Dispersive X-ray
used to characterize the boride layers. The hardness values
were measured using Vickers microhardness tester. It was
found that the boride layer can be produced on a stainless
steel AISI 440C using a salt bath containing melt borax
with ferro-silicon 15 % wt. as a reducer at ambient. Near-
surface hardness value of the borided layver more than 2000
HV was detected. Double phases (Fe,B and FeB) boride
layer including chromium rich regions beneath the borided
layer were observed. Finally, a diffusion coefficient of 1.42

x10* m%/s can be calculated using the diffusion equation.

Keywords: Surface treatment; Diffusion; Boriding; Wear
resistance; Stainless steel AISI 440C

L. Introduction

Stainless steels are well known as corrosion resistant steels
which are well established in various industries for a long
time. However, for martensitic stainless steels, the main
applications are high-load applications, such as industrial
tooling, ball-bearing, pump parts, cutlery, high temperature
component, etc. [1, 2]. Recently, there are many problems

about wear of stainless steels not only martensitic stainless

steels but also austenitic and ferritic stainless steels. To
enhance their operating or service times, a surface
treatment is an excellent method. Boriding or boronizing
process involving a diffusion of boron atom into ferrous or
non ferrous substrates is a thermo chemical surface
treatment improving the hardness, wear resistance and
oxidation resistance [3 — 6]. Therefore, boride coating on
martensitic stainless steel and its characterization are of
Thus,
discussed the boride coating on martensitic Stainless Steel

AISI 440C using a salt bath boriding at 1000 °C with varied

particular interest. this paper investigated and

boriding times of 1 — 9 h. The characterization of boride
layer was investigated and discussed. Moreover. a diffusion
coefficient of boron atoms into the stainless steel AISI

440C at 1000 °C will be calculated and shown in this paper.

2. Experimental Procedures

The rolled stainless steel AISI 440C was delivered as
annealed bars with a diameter of 13 mm. The chemical
compositions of Stainless Steel AISI 440C are given in
Table 1. Cylindrical specimens with diameter of 13 mm
and height of 25 mm were prepared. Before boriding
process, specimens were ground up to 600 mesh emery
paper. Boriding process was carried out using the salt bath
consisting of borax as a boron source and 15 wt%
ferrosilicon as a reducer. Boriding process was performed
in an electrical resistant furnace at a temperature of 1000 °C
for holding time of 1, 4, 6.25 and 9 h. Having completed
the boriding process, test materials were removed from the
bath and quenched in air. The microstructures of polished
and etched cross-sections of the specimens were observed
by an optical microscope and scanning electron
microscope. The presence of borides formed in the coating
layer was confirmed by means of X-ray diffraction using

Cu K, radiation. The thicknesses of borides were measured
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by means of an image analyzer program attached to an
optical microscope. The hardness values were measured

using Vickers microhardness tester.

Table |. The chemical ¢ of suinless steels AISI440C (all
in wi%)
C Mn P 5 Si Cr Mo Fe
104 038 0021 0001 04l 16.59 0.43 Bal,

3. Results and Discussion

3.1. Microstructure and Characterization

Fig. | shows the near-surface microstructure of the
martensitic Stainless Steel AISI 440C borided at 1000 *C
for 9 h taking from scanning electron microscope with
electron backscatter (SEM-BE). As can be observed the
double-phase layers formed on the stainless steel substrate
have smooth and flat morphology as compared to the layers
formed on the surface of high alloy steels [3]. The X-ray
diffraction pattern of the borided stainless steels at 1000 *C
for 1 h is illustrated in Fig. 2. The phases on the borided
stainless steel AISI 440C are Fe:B and FeB. It is confirmed
that the layer formed by the boriding process on the
stainless steel AISI440C in this research is a double-phase
boride layer, FesB (light color in Fig. 1) and FeB (dark
color in Fig. 1). MnB is not found in this research due to
possibly amount of Mn in this steel is only about 0.38 wi%.
Accordingly, the low volume fraction of the MnB cannot
be detected by the

chromium-rich regions beneath the double-phase boride

XRD measurement. Moreover,

layers were detected by EDS at point “X" in Fig. 1 as
shown in Fig. 3. It can be mentioned that chromium
dissolves slightly in the boride layers, as a consequence,
chromium atoms are pushed into the stainless steel
substrate and then form the chromium-rich regions
containing Cr approximately 35 wi% beneath the boride
layers (transition zones between the boride layer and the
substrate). As expected, hardness values of boride layers
(about 2,000 HV) are much higher than that of the stainless
steel substrates (about 640 HV), whereas other well-known
coating processes such as carburizing and nitriding provide
the hardness values only 550 — 850 and 550 — 1150 HV,
respectively [3]. The hardness depth profile of stainless

20

steel AISI 440C borided at 1000 *C for 9 h is shown in Fig,
4.

Fig. 1. SEM-BE of the stainless steel AISI 440C borided at
1000 *C for 9 h.

Stainless steel AIS| 440C
borided at =, 1h

1=Fe,8
2=FeB

04
30 35 40 45 50 55 €0 65 VO 75 BO B5
20

Fig. 2. XRD paitern of the stainless steel AISI 440C
borided at 1000 °C for 1 h.

NikK.

4.00 6.00 B.00 1000 1200 1400 1600 1800

Fig. 3. EDS pattern of the Cr-rich region at the point “X™ in
Fig. 1.
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Fig. 4. Hardness depth profile of the near-surface stainless
steel AISI440C borided at 1000 °C for 9 h.

3.2 Diffusion coefficient

In the section 3.1, it can be concluded that an appropriate
boriding process can produce a boride layer on a stainless
steel AISI 440C. Moreover. it was found that the boride
layer thickness increases with increasing boriding times.
The boride layer thickness of 32.3 pm was detected after
boriding time of | h, whereas the boride layer thickness of
652 um was measured after boriding time of 9 h.
Additionally, the growth of the boride layer takes into

account a diffusion control describing by diffusion equation

in Eq. 1 [6].
K:d% (1

where d is a thickness of a boride layer (m), t is boriding
time (5), K is a diffusion coefficient (nﬁ’s). Therefore, a
diffusion coefficient, K can be determined by a slope of a
plot graph of a power of 2 of the boride layer thickness (d°)
vesus boriding time (t) as depicted in Fig. 5. Finally, the

diffusion coefficient of 1.42 x 1077 m™/s was caleulated,

4. Conclusion
In this research, the boride coating on martensitic stainless
steel AISI 440C was investigated and characterized. It can

be concluded as follows,

I} The Stainless Steel AISI 440C can be borided using an
appropriate salt bath at ambient (for this research, a salt

bath contains borax and 15 wi% ferrosilicon).

2) The formed boride layers on stainless steel AISI 440C
have smooth and flat morphology with high hardness
value of 2000 HV.

3

The horide layer thickness increases with increasing
boriding times taking into account a diffusion theory.
m'/s was
determined for the stainless steel AISI 440C borided at
a temperature of 1000 °C for 1 =9 h,

4) A diffusion coefficient of 142 x 107"

s0x10°®
® T=000C

40x10° /
..

30x10°% 4 P

e
. R?=089
20x107% 4

1ox1094 @ /
// Diffusion coafficiant = 1.42 x10°™ mé/s

Boriding layer thickness? (m?)

0.0

5000 10000 15000 20000 25000 30000 35000
Boriding time (s)

Fig. 5. Plot of the boride layer thickness® (d°) vesus
boriding time (t).
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