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Abstract: The influence of the boriding conditions on the boride layers was examined by boriding Ti—6Al-2Zr—
IMo—1V alloy in the temperature range of 920—1120 °C. The experimental results show that the boride layers were
composed of a continuous thin outer layer of TiB, and a thick inner layer of TiB with whiskers or needle-like
morphologies that extended into the substrate. Thick and compact boride layers were obtained when the boriding
temperatures were 1000—1080 °C, and the treatment time exceeded 8 h. The boride layer depth increased with the
boriding temperature and time, and the growth kinetics of the boride layers was characterized by a parabolic curve. The
growth kinetics of the boride layers, including both TiB, and TiB layers, were predicted by establishing a diffusion
model, which presented satisfactory consistency with the experimental data. As a result, the activation energies of boron
in the TiB, and TiB layers were estimated to be 223.1 and 246.9 kJ/mol, respectively.
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1 Introduction

Due to medium strength at room temperature
and high temperature, good thermal stability, creep
resistance and corrosion resistance [1,2], Ti—6Al-
2Zr—1Mo—1V alloy has been widely used in
important structural parts with complex designs,
especially in aeronautical aircraft partition frames
and ribbed panels [3,4]. However, Ti—6Al-2Zr—
IMo—1V alloy has low surface hardness and poor
wear resistance, which limits its applications as
wear parts in certain mechanical structures (such as
micro-disturbance wear and small- and medium-
load gears). Thus, surface modification is required
to improve its wear resistance and extend its service
life [5].

Boriding, as a

thermochemical surface

treatment, is an effective surface-hardening process
that has been primarily applied in steels [6] and
nickel alloys [7]. Due to good hardness and
tribological ~ properties of titanium  boron
compounds, boriding in titanium and its alloys has
been widely studied in recent years [8]. Because
boron atoms diffuse into the substrate during the
thermochemical surface treatment process, boriding
forms hard boride layers on the surface and can
improve the hardness and wear resistance of
titanium and its alloys [9]. Boriding is usually
performed in the temperature range of 900—1000 °C
by pack-boriding, molten salt-boriding and paste-
boriding methods. Generally, dual boride layers of
TiB, and TiB can be obtained. SARMA et al [10]
created boride layers that are composed of a mono-
lithic titanium diboride (TiB,) layer at the top and a
titanium boride (TiB) sublayer by solid-state boron
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diffusion through the titanium surface. LI et al [11]
showed dual boride layers with an outer TiB, layer
and an inner TiB layer formed on the surface of a
borided TB, alloy by pack boriding in the
temperature range of 950—1100 °C. The micro-
hardness and coefficients of friction of borided
layers can reach ~27.5 GPa and ~0.35, respectively.
In addition, the borided layer has excellent adhesion
to the substrate due to the nature of the thermal
diffusion process. This adhesion plays an important
role in improving the wear resistance and
promoting the application of boriding for titanium
and its alloys. To achieve the optimal boride layers
and promote the application of boriding for Ti
alloys, it is necessary and significant to develop a
growth model of borided layers to predict the
boride layer thickness.

A few attempts have been reported to model
the growth kinetics of boride layers in the pack-
boriding process. KEDDAM and TAKTAK [12]
proposed a diffusion model to estimate the diffusion
coefficient of boron in the TiB, and TiB layers of
Ti6Al4V alloy. This model was based on solving
the mass balance equations at two (TiB,/TiB and
TiB/Ti) interfaces by considering the effect of
boride incubation time during the formation of
TiB, and TiB layers. Additionally, KARA and
PURCEK [13] verified that the diffusion model was
applicable for predicting the boride layer growth
kinetics of a f-type Ti—45Nb alloy. LIU et al [14]
suggested that the growth kinetics of these dual
boride layers of Ti—5Mo—5V—-8Cr—3Al alloy (TB,
alloy) during pack boriding with CeO, obeyed the
diffusion model of d=ks"" instead of d*=Dt. To date,
although these present  satisfactory
consistency between the predictions of the boride
layer thickness and the experimental data [15,16],
limited studies have been performed on modeling
the growth kinetics of the boride layers formed on
Ti—6Al-2Zr-1Mo—1V alloys. Thus, it is necessary
to examine the growth kinetics of TiB,/TiB layers

models

and predict the boride layer thickness of Ti alloys.
This study aimed to fully investigate the
growth kinetics and estimate the boride layer
thickness, including TiB, and TiB layers, of
Ti—6A1-2Zr-1Mo—1V alloy during the pack-
boriding process in the temperature range of
920—-1120 °C. For this purpose, the influences of

boriding parameters (mainly temperature and time)
on the borided layer were examined. A diffusion
model was established based on the boron
concentration profiles of the
parabolic growth law, and mass balance equations
of the TiB,/TiB and TiB/substrate interfaces. It also
provides an approach to predict the growth kinetics
of the boride layer of titanium and its alloys.

surface layers,

2 Experimental

Ti—6Al-2Zr—1Mo—1V alloy was chosen as the
substrate material to be boronized. The alloy
samples were cut into specimens with sizes of
I2mmXx 12mm x I5mm by a wire cutting
machine. Prior to boronizing, the specimen surfaces
were ground using emery paper, polished using a
polishing cloth to remove the oxide layers and
irregularities and ultrasonically cleaned in acetone
for 20 min. Then, they were packed with a powder
mixture of 35 wt.% B4C, 64 wt.% SiC and 1 wt.%
Al in a sealing stainless steel container with clay
and borided in the temperature range of
920—1120 °C for 520 h in a vacuum furnace at a
pressure of 1x10° Pa. Oxidation during boriding
can be prevented under such vacuum conditions.
The boriding temperatures of 920—1120 °C were
selected because TiB whiskers grow fast when the
boriding temperature is approximately the S-phase
temperature of 980 °C. Once the
treatments were completed, the container was

transition

removed from the vacuum furnace and cooled to
room temperature in air.

After boronizing, the samples for metallo-
graphic examination were taken from the cross
section of boronizing workpieces. The samples
were polished to a 1200 grit surface finish and
cleaned with distilled water followed by acetone.
The microstructures of the borided layers were
observed using an XJP-6H optical microscope with
a built-in quantitative system. The
thickness of the boride layers was determined as the
average of 12 measurements. Since the boride
layers show features of protrusions, the thickness
measurements should be conducted carefully, as
shown in Fig.1. SEM image analysis was
performed on a JEM—-200CX scanning electron
microscope. The phase analysis was performed on a
D8 X-ray diffractometer.

analysis
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Fig. 1 Schematic representation of measurement of
borided layer thickness

3 Results and discussion

3.1 Structure of boride layers

Figure 2 shows the typical characteristics of
the boride layers of Ti—6Al-2Zr—-1Mo—1V alloy.
The cross-sectional SEM micrographs of the boride
layers reveal the dual layers of TiB, and TiB. A
continuous thin outer layer of TiB, and a thick inner
layer of TiB with whiskers or a needle-like
morphology, which extended into the substrate,
were observed. This characteristic of the boride
layers was reported in other titanium alloys by
several researchers, such as in Ti6Al4V alloy by
PENG et al [17], in pure titanium by LV et al [18],
and in TiAl intermetallics by POPELA and
VOJTECH [19]. In addition, it is easy to observe
that there were no microcracks or holes at the
TiB,/TiB and TiB/Ti interfaces; thus, tight bonding
between the boride layers and the substrate was
expected. The different morphologies between TiB,
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and TiB layers may be attributed to different
preferential directions of crystal growth of TiB, and
TiB [20]. Generally, TiB, and TiB are considered to
have hexagonal structures,
respectively. The preferential growth direction in
TiB, is [1100] and it will grow as a graphite-like
boron layer perpendicular to [0001] direction. The
preferential growth direction in TiBis [010], where
three types of specific orientation relationships
between TiB and fS-Ti are as follows [18]: [010]rs//
[010]p.1i, [010]rig//[001]4.7i, and [010]rg//[111]p.1i.
As a result, TiB will grow as a needle-like or
whisker-like morphology along [010] direction.

Figure 3 shows cross-sectional micrographs of
the boride layer of Ti—6Al-2Zr—1Mo—1V alloy
borided at 1040 °C for different time. The observed
combined TiB, and TiB thickness of the alloy
increased with increasing treatment time. The XRD
analysis in Fig.4 provides evidence for the
existence of TiB, and TiB phases.

At 1040 °C and a treatment time of no longer
than 8 h (Figs. 3(a, b)), relatively thin TiB, and TiB
layers were visible, which resulted in an unobvious
TiB, layer. When the treatment time increased to
12 h, a continuous TiB, layer with a thickness of
approximately 3.6 um was observed (Fig. 3(c)).
Much thicker and compact boride layers were
obtained after 15 and 18 h (Figs. 3(d, e)), where the
boride layer thicknesses were 27 and 29 um,
respectively. When the treatment time increased to
20 h, 31 um-thick boride layer was obtained.

The influences of the temperature for a given
treatment time of 20h on the microstructure
associated with the boride layers are illustrated
in Fig. 5. Under different heating temperature

and orthorhombic

(b)

Fig. 2 SEM micrographs of coating structure in Ti—6Al-2Zr—1Mo—1V alloy borided at 1040 °C for 10 h (a) and

20 h (b)
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Fig. 3 Cross-sectional micrographs of boride layer of alloy borided at 1040 °C for different time: (a) 5 h; (b) 8 h;

(c) 12h; (d) 15 h; (e) 18 h; () 20 h
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Fig. 4 XRD pattern of Ti—6Al-2Zr-1Mo—1V alloy
borided at 1040 °C for 20 h

conditions, the boride layer thickness of the alloy
was remarkably changed. The relatively thin boride
layers of the alloy were predominant at 920 °C, and
almost no TiB, layer occurred. As shown in Fig. 5,
when the temperature was higher than 960 °C,
boride layers with a continuous TiB, layer and TiB
whiskers were obtained. In particular, thicker and
more compact boride layers were achieved in the
temperature range of 1000—1080 °C; as a result, the
TiB, and TiB layers were approximately 6.1 and
35.7 um thick, respectively, at 1080 °C. Spalling
of the local boride layer was observed when
the temperature exceeded 1120 °C, which resulted
in a uniformly thick boride layer (see the arrow in
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Fig. 5 Cross-sectional micrographs of boride layer of alloy borided at different temperatures for 20 h: (a) 920 °C;
(b) 960 °C; (c) 1000 °C; (d) 1040 °C; (e) 1080 °C; (f) 1120 °C

Fig. 5(f)). The uniform borided layers will affect the
wear resistance and service life.

The relationships between the boride layer
thickness and the treatment time of the alloy
borided in the temperature range of 920—1080 °C
are plotted as boriding kinetics in Fig. 6. The
boriding kinetic curves are considered S-shaped.
With increasing treatment time, the boride layer
thickness slowly increases before 5 h, subsequently
rapidly increases in 5—15h and finally slowly
increases again after 15 h. As anticipated, with
increasing boriding temperature, the boride layer
thickens.

3.2 Modeling of layer growth Kinetics
A diffusion-based model that describes the

De-lai OUYANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3752—-3761

i ,@
[ ¥ Ll W,

boride layer growth kinetics was constructed to
predict the thickness development of the boride
layers of Ti—6Al-2Zr—1Mo—1V alloy, as shown in
Fig. 7. To simplify the proposed model in this work,
four assumptions were made: (1) The boride layer is
thin compared to the sample size, and the sample
temperature is uniform throughout the boriding
process. (2) The growth kinetics of the TiB,
and TiB layers are only dominated by the
diffusion-controlled mechanism. (3) The effect of
the Ti matrix diffusion on the layer growth is
ignored. (4) The diffusion coefficient of boron is
independent of the concentration in the TiB, and
TiB layers.

As an important steady diffusion law, diffusion
balance equations were utilized to describe the
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Fig. 6 Increase in boride layer thickness in relation to
temperature and time of boriding treatment for TiB,
layer (a), TiB layer (b) and TiB,+TiB layer (c)

changes in boron concentration with time
and location during the boriding process as
follows [21]:
TiB TiB TiB TiB
du o C .7 =C 7 L C P —=C
WTiBZE DTlB2 up low _DTlB up low

B B
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Fig. 7 Schematic representation of boron concentration
through growth of (TiB,/TiB) bilayer on substrate

TiB TiB
dv ,du TiB Cup - Clow
Wyp —+W —=D;" =2 % 2
1B 4y dt B v—u @
where

Wi, =[0.5(C™ = G ) + (G =),

low low p

wrip =[0.5(C° = Cow ) +(Coe =Gyl

low low

w=0.5% (Cp” —Cin)

low

D™ and DS® are the boron diffusion
coefficients in the TiB, and TiB layers, respectively,
and u and v are the thicknesses of TiB, layer and
TiB+TiB, layer, respectively. Supposing that the
thicknesses of TiB, layer and TiB layer follow

parabolic growth, the TiB, and TiB layer
thicknesses can be expressed as

u="rkt* 3)
v="k,t" (4)
[ =(ky — k)t (5)

where / is the TiB layer thickness; k; and k; are the
parabolic growth constants at the TiB,/TiB interface
and TiB/Ti interface, respectively, which are
determined by the relationship of u—"> and v—*°
(as shown in Fig. 8). Substituting Eqgs. (3) and (4)
into Egs. (1) and (2) and introducing the correcting
factors 4 for Dg™ and B for DL | we have

(Wi, + Wk? + wrgh K,
TiB TiB
2(CT Z 1)

low

DEP2=4 (6)
Wk, + wygky )k, — k)
Z(CJ;B _ CTiB)

low

Dy®=B (7)
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Fig. 8 Plots of boride layer thickness vs square root of
boriding time: (a) TiB, layer; (b) TiB,+TiB layer

To determine D™ and D3®, the initial and
boundary conditions of the boron diffusion problem
were set up as C(x, 0)=0, CI»=31.1%, CI®:=
30.1%, C,)’=18.5%, and ClB-18%. Since the
diffusion models of d =Dt and d=k"> can describe
the growth kinetics of the boride layer at identical
temperature, the correcting factors 4 of 0.0146 and

B of 0.0467 were determined as follows:
(Wrip, + Wk +wrgkik,

low

A=k} | (8)

(Wrip, + Wk + Wik k,
TiB TiB
2CE = ™)

low

B=(ky — k) / (9)

As a result, boron diffusion coefficients,
Dg™ and DL®, can be obtained according to
Eq. (6) and Eq.(7), respectively. The values of
D™ and DJ® are listed in Table 1. Generally,
diffusion coefficient D for the boriding process
related to the boriding temperature can be described
by an Arrhenius-type expression:

D=Dyexpl[~Q/(RT)] (10)

where D is the pre-exponential factor (m?/s), O is
the activation energy (J/mol), R is the gas constant
(kJ/(mol-K)), and T is the boriding temperature (K).

Taking natural logarithms on both sides of
Eq. (7), we have

In D= In Dy~Q/(RT) (11)

Figure 9 shows the linear relationship of
Dg®—1/T and D3® —1/T for TiB, and TiB, where
the values of DJ™ and Di® are determined
from Table 1. The values of —Q" /R and
—O™ /R are equal to the linear slope of the curves
of D" —1/T and D" -1/T, respectively. The
values of InD,™ and InD,® are equal to the
linear intercept of the curves of D™ —1/T and
D" -1, respectively. As a result, the following
equations for the diffusion coefficients Dy and
Dg®  are obtained:

: 223.1
D® =2.07x1077 exp(——==— 12

B p( RT ) (12)
Di® =5.99x107 exp(—%) (13)

Consequently, the TiB, layer thickness drp ,
TiB layer thickness drg and TiB,+TiB layer
thickness dr;p .15 can be calculated according to
Egs. (14)—(16), respectively. The boron activation
energies in the TiB, layer and TiB layer were
determined to be 223.1 kJ/mol and 246.9 kJ/mol,

Table 1 Parabolic growth constants at TiBy/TiB and TiB/Ti interfaces and diffusion coefficients at different

temperatures
7/°C ki/(um-s %) ky/(um-s %) (k—ky)/(um-s %) DE® /(m-s™") DE®/(m-s™")
920 0.0067 0.0371 0.0304 3.72x107"7 9.64x107'
1000 0.0115 0.0739 0.0624 1.25%x107' 3.94x10°"
1040 0.0173 0.1135 0.0962 2.89x107" 9.33x107"*
1080 0.0227 0.1572 0.1345 5.22x107' 1.81x107"
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respectively, in the present work. The boron
activation energy for the present Ti alloy is higher
than that for several titanium alloys, such as
Ti6Al4V alloy reported by KEDDAM and
TAKTAK [12] and Ti—45Nb alloy reported by

KARA and PURCEK [13].

diig, =Dyt (14)

drg =Dyt (15)

drip,smin = drip, +drip (16)
Figure 10 shows the calculated and

experimental values of the TiB, layer, TiB layer
and TiB,+TiB layer thickness of the alloy
borided at 920—1080 °C for 5—20h. There is
satisfactory consistency between experimental data
and model prediction. Hence, the present model
can be considered a prediction of the growth
kinetics of the boriding layers for Ti—6Al-2Zr—
1Mo—-1V alloy.
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Fig. 10 Comparison of calculated and experimental
values of TiB, layer thickness (a), TiB layer thickness (b)
and TiB,+TiB layer thickness (c)

4 Conclusions

(1) The formation of TiB, and TiB layers has a
predominant sawtooth-like morphology. The outer
boride layer only includes the TiB, phase, and the
TiB phase appears below the outer layer.

(2) The boride layer depth increases with the
boriding temperature and time. The boride layer
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growth kinetics is characterized by a parabolic
curve.

(3) Thick and compact boride layers were
obtained when the boriding temperatures were
1000—1080 °C and the treatment time exceeded 8 h.

(4) The boron activation energies were
determined to be 223.1 and 246.9 kJ/mol in TiB,
layer and TiB layer, respectively.

(5) The growth kinetics of the boride layers,
including both TiB, and TiB layers, was predicted
by establishing a diffusion model, which was
satisfactorily consistent with the experimental data.
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Ti—6Al1-2Zr—1Mo—1V &% TiB,/TiB S |Z 5218 451
k!, HEH, MR, B &', heF E#ig!

1. FENZKE LR SRR IR E L=, FME 330063;
2. b a R AR, bR 100095

 E: X Ti-6A1-2Zr—1Mo—1V &4 7E 920~1120 °C R0 FEHHTB MR, W B Mk tExHB 02 s m .
SERR, BWERANTESH TiB, Z M EZE TiB 248, TiB 28 IRACREEFIRIE SR N SEA . 7EIB TG
JZ24 1000~1080 °C & Hiif [alkE 1 8 h BB Al 3R13 T B0% HB M2 . 2002 5 B I RS i 1138
XN, BIE KB ) ik R IR IE . @57 TiB, Al TiB 2 A KB /14 MBI, Ht 5 5500 %
PIEBE L) & o € TiB, #1 TiB BUE RE 53 5l 223.1 F1 246.9 kJ/mol.

FEHIA: Ti-6AI2Zr—1Mo—1V &4 B0l; SR E; i

(Edited by Bing YANG)



