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Abstract

The present study evaluates the fracture toughness on Fe, B borided layers. Formation of the layers was obtained by means of the paste boriding
process on an AISI 1045 steel surface. The treatment was carried out at temperatures of 1123, 1173, 1223 and 1273 K for 8 h using a 4 mm
thickness layer of boron carbide paste over the material surface. A Vickers microhardness tester was used to generate microcracks under loads
of 1.9, 2.9, 4.9 and 9.8 N at different indentation distances across the thickness of the iron boride layer. The applied loads and the crack lengths
generated from the corners of the indentations were set as the experimental parameters, using two Palmqvist cracks models, for the evaluation of
the fracture toughness. Finally, the fracture toughness results in the borided layers were analyzed based on the different distances from the surface,
microindentation loads and the treatment temperatures of the paste boriding process.
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1. Introduction

The paste boriding process is the surface boron saturation
of metals and alloys with the purpose of increasing the hard-
ness, wear and corrosion resistance of engineering components.
Due to this process, interstitial compounds are formed, known
as rhombic FeB and tetragonal boride Fe, B, which form colum-
nar crystals that grow in a preferential direction [00 1] due to
the maximum density of boron atoms in that direction. The
formed coatings depend on the boron potential at the external
surface of the substrate. It is known that media with a low or
intermediate boron potential (as compared to more powerful
ones) allow single Fe;B layers to form [1,2]. The formation
of FeB phase requires a high potential of boron to an extent
also depending on the concentration of alloying elements in the
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steel, especially a high content of chromium, nickel and carbon
[3].

Paste boriding is an alternative method of sample treatment
when the manual work required in powder boriding needs to
be decreased. In addition, its advantage lies in high volumes of
work and in selective treatments. Boron carbide paste consists
of B4C (approximately 76 wt% boron) and cryolithe (Naz AlFe,
flux additive). A maximum of 10-15% of water can be added
without impairing the boriding effect. The control of boron
potential is possible according to the thickness of the boron car-
bide paste that covers the work piece and to the preparation of
water—powder mixture. An inert atmosphere is needed inside the
furnace, fixing a nitrogen and hydrogen combination of 90:10 or
95:5 or pure argon. The controlled atmosphere used in the paste
boriding process determines the thicknesses of the borided lay-
ers, having more depth in comparison with the powder boriding
process. On the other hand, the paste boriding process is favored
by its low cost, quality of products, and flexibility during the pro-
cess [1-5]. Typically, boronized parts have been used with good
results in various industrial areas. These results increase the life-
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time of machine elements and the serviceable lives of working
tools.

One important mechanical parameter in design is the frac-
ture toughness value. The method of microindentation-induced
fracture in brittle materials is a nondestructive and simple tech-
nique, which requires solely a flat and polished surface. The
cracks produced by mechanical contact between the indenter
and the material surface essentially depend on the geometry of
the indenter and the applied load.

The cracks geometry models, radial-median and Palmgqvist
types, have been used in the determination of the fracture tough-
ness in ceramic materials. The theoretical foundation of these
models is based on classic concepts of Linear Elastic Fracture
Mechanics (LEFM) (see [6,7,24] and references therein). Many
derivations make assumptions about the plastically deformed
damage zone underneath the indentation. The damage zone is
modeled by an expanding cavity in the solid. The stress dis-
tribution from the expanding cavity is in turn converted to an
equivalent force that acts to open the median or Palmqvist cracks.
Other models have the plastic zone acting as a wedge or a spring.

For the Palmqvist cracks regime (Fig. 1(a)), it has been deter-
mined, for small loads, that the relation between the half diagonal
length of the indentation (/) and the crack length generated at the
corners of the indentation (g) must be <3. It would seem rea-
sonable to assume that, for thin brittle layers on relatively tough
substrates (borided steels), it would be more appropriate to use
the relationships based on the Palmqvist crack morphology, as
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Fig. 1. (a) Palmqvist cracks produced by Vickers indentation and (b) Palmqvist
microcracks produced at the corners of the indentation on the boride Fe, B layer.

this model is based on cracking initiating at the surface where
the material is more brittle.

Also, the relations used by other researchers [8—11], to define
the fracture toughness of borided layers are based on equations
valid for radial-mean cracks, nevertheless, the reason for this
consideration has not thoroughly been explained.

The present study evaluates the fracture toughness (K.) of
Fe,B boride layers formed at the surface of AISI 1045 steels
using two Palmqvist crack models proposed by Laugier and
Niihara et al. [13,14]. The K, values obtained by both models
are compared with the applied load tests, the different distances
from the surface of the borided samples and the treatment tem-
peratures of the paste boriding process.

2. Experimental procedure
2.1. Paste boriding process

Cylindrical samples of AISI 1045 whose chemical composi-
tion is 0.43-0.50% C, 0.6-0.9% Mn, 0.040% P, 0.050% S, were
cut, machined and recrystallized for 1h at 923 K. Afterwards,
the samples were placed in acrylic molds for the impregnation
of the boron carbide paste (water/paste relation of 0.2) with a
layer thickness of 4 mm, over the sample surfaces. It was neces-
sary to dry the samples inside a conventional furnace at 373 K to
eliminate any water residues so that the diffusion process could
be done in an effective way. The paste boriding process was
carried out at the temperatures of 1123, 1173, 1223 and 1273 K
under a pure argon atmosphere in a conventional furnace with
a constant time of 8 h for each temperature. Once the treatment
was finished, the samples were oil-quenched, cross-sectioned
for metallographic preparation and finally, characterized using
an optic microscope with the aid of the MSQ image analyzer. A
minimum of 25 measurements of the boride layer thicknesses
was done at different zones of the samples.

2.2. Vickers microindentation fracture toughness tests

Vickers microindentation fracture toughness tests were car-
ried out with a HVS 1000 microhardness tester employing
ASTM E384 standard. The indentation load varied from 1.9 to
9.8 N applied at 15, 25, 35, 45, 55 and 65 pm from the borided
steel surface. 10 measurements were taken for each distance,
load and treatment temperature of the boriding process. Notice
that the distances from the surface are selected in accordance
with the Fe, B layer thicknesses. In some cases, depending on the
growth and the saw-toothed morphology of the boride layer, the
indentation area is close to the spikes of the Fe, B/substrate inter-
phase. Also, when the temperature increases, the indentation
area is closed towards the surface of the boride layer.

For the fracture toughness values, both Vickers diagonals
(I) and crack lengths (g) were measured in a Olympus GX 51
microscope using a 50x and 100x magnifications (Fig. 1(b)).
Measurement thickness tool of the MSQ Plus Software was
employed to carried out the measurements. The Young mod-
ulus used for the borided layers was 290 GPa [12]. Finally,
the Palmqvist crack models proposed by Laugier [13] (PI) and
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Table 1
Palmqvist crack models used for the evaluation of the fracture toughness

Equation References

ke=w(5) ()%

(i) (£) " =o0us(5) "

K., fracture toughness; E, Young modulus; H, microhardness; P, applied load; g,
microcrack length; /, half diagonal length of the microindentation; ¢, constraint
factor & 3; kP, 0.015; c, total crack length.

[13]

[14]

Niihara et al. [14] (PII), illustrated in Table 1, were used to
determine the fracture toughness of Fe,B boride layers.

3. Results and discussions

The paste boriding process was designed to obtain a compact
and continuous Fe,B boride layer at the surface of AISI 1045
steels. The Fe, B/substrate interphase shows a saw-toothed mor-
phology (Fig. 2), while the layer thicknesses are 46 &4 pum at
1123K and 141 &6 pm at 1273 K.

The mechanism of boron diffusion through the boride crystals
occurs more readily when the atoms jump between neighboring
lattice positions along the boron atoms which are connected
in chains [15-17]. In order to allow the above-mentioned dif-
fusion mechanism, a part of the lattice positions in the boron
atom chains must be vacant. As a result of this diffusion mech-
anism the boride crystals, which are arranged with their boron
atom chains parallel to the non-metal diffusion direction, grow
more quickly than the others. The preferred orientation of crys-
tals constituting the surface layer obtained by boriding steels
also depends on the experimental parameters of the process.
Borides produced by the boriding process presented a strong
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(001) growth texture. The growth of the boride grains with
other orientations was slower and soon suppressed because their
growth met other grains, resulting in a (00 1) texture structure.

The sharp indenters (conic or pyramidal) are normally used
for the analysis of fracture toughness in opaque ceramic materi-
als because the contact pressure is independent of the indentation
size and the failure propagates from the corners of the residual
impression. The number of indentations at the boride layers was
established by three experimental parameters: the boride layer
thickness, the indentation impression size, and the applied load.
Besides, in order to obtain representative microhardness values
of the Fe;B iron boride, the indentations must not be close to
the layer/substrate interphase. The set of microindentations tests
at 1223 K with four different applied loads, 1.96, 2.9, 4.9 and
9.8 N are presented in Fig. 3.

Likewise, it is recommendable to use the true hardness num-
ber (load-independent) to determine the fracture toughness of
the boride phase [18] and to eliminate the effect of the apparent
hardness into the indentation fracture toughness equations.

According to the results obtained and shown in Fig. 4, the
true hardness number of the Fe,B layer decreases with increas-
ing the test load at different distances from the borided steel
surface. It is evident that the Vickers microhardness measure-
ments, with applied loads of 4.9 and 9.8 N, are influenced by
the indentation crack formation. In fact, since the cracks mainly
occur during the loading, a portion of the energy that is used to
create the indentation size will be dissipated by the crack forma-
tion [19]. In this case, the crack formation has influence in the
indentation size of the Vickers impression at the applied loads of
4.9 and 9.8 N. Also, the true hardness values are influenced by
the different distances from the surface of the borided samples.
This behavior is explained with the residual stresses induced by
thermal gradients. Babushkin and Polyakov [20] show that the
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Fig. 2. Cross-sectional views of AISI 1045 borided steels with 8 h of treatment time at the temperatures of: (a) 1123 K, (b) 1173 K, (c¢) 1223 K and (d) 1273 K.



1. Campos et al. / Materials Science and Engineering A 488 (2008) 562-568 565

Fig. 3. Vickers microindentations fracture toughness tests on borided AISI 1045 steel samples at 1223 K with loads of: (a) 1.9N, (b) 29N, (c) 4.9N and (d) 9.8 N.
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Fig. 4. Microhardness as a function of the indentation loads from the different
distances from the surface of the borided layer at the temperatures of: (a) 1173 K,
(b) 1223 K and (c) 1273 K.

compressive stresses induced by boriding increase as a func-
tion of the distance from the surface until a critical distance is
reached (80 wm approximately) then the compressive stresses
decrease, and in the substrate they change to tensile stresses.!
On the other hand, according to Galibois et al. [21], the thermal
residual compression stresses caused by the growth of the iron
boride layer and the differences of the specific volume between
the matrix and the Fe;B? phase are factors to be considered in
the microhardness values at the different distances from the sur-
face. The residual stresses (o) occurring in thin layers can be
calculated by the formula (see [22] and references therein):

Oth = (a1 — as)(Tp — To) (D

—v
where E is the Young’s modulus of the Fe,;B boride layer which
is assumed constant with a continuous texture degree equal to 1
[23], o the thermal expansion coefficient of the layer equal to
6.5x1076°C~!, o  equal to 11.96 x 1076°C~!, Ty, the treat-
ment temperature and Ty is the room temperature. Eq. (1) is a
simplified relationship which permits us to estimate the thermal
residual stresses in elastic isotropic thin layers.

The aforementioned equation gives the distributions of the
stresses parallel to the surface, and do not consider the perpen-
dicular ones. The data obtained according to Eq. (1), reveal that
the stresses occurring in the monophase borided layers (Fe;B)

! The presence in the coatings of [00 1] axial crystallographic texture leads
to a decrease in the absolute value of the compressive stresses occurring in the
layers, which with an increase in the degree of texture of the boride phases
gradually transform to tensile stresses.

2 The specific volume of the Fe,B is 0.1363 cm?/g compared with the value
of 0.1276 cm?/g for the AISI 1045 steel matrix.



566 1. Campos et al. / Materials Science and Engineering A 488 (2008) 562-568

(@ 351
"E‘ *15um
= W25um
= A35um
= x45 um
2
(b)
—_ *15um
£ u25
3 Hm
; A35um
£ %45 pm
X35 um
+65 um
25
(c) 3.57
34 +15um
P W25um
g 2.54 A35um
= X45pum
:’ 21 *x55um
- +65um
1.5 o75um
1 T T T |
0.5 1 1.5 2 25

In P (N)

Fig. 5. Relationship between the crack length and the indentation loads for the
boriding temperatures of: (a) 1173 K, (b) 1223 K and (c) 1273 K.

are compressive with magnitudes ranging from — 1640 MPa for
the temperature of 1123 K to —1939 MPa for the temperature of
1273 K.

The presence of Palmqvist cracks generated by the Vickers
microindentation tests at the Fe,B boride layers are established
by the slopes obtained from the graphs In g against In P as shown
in Fig. 5. The slope values are approximately in the range of
1/2 and 1, where the formation of the Palmqvist cracks may

be mechanically equivalent to a semi-infinite crack loaded by a
force P at a distance g from the crack tip [6,24]. On the other
hand, Table 2 shows the characteristic lengths, g and ¢ ([ +g),
for the different applied loads and microindentation distances at
the temperature of 1273 K

The fracture toughness evaluation of the Fe,B boride layer
was determined by means of the models used by Laugier [13]
and Niihara et al. [14]. Both models use the indentation test
load, the crack length, the indentation size, the elastic mod-
ulus, and the hardness of the material. These parameters are
raised to non-integer exponents such as 0.4, 0.6 and 0.7. In
other applicable equations, the same parameters are raised to
0.5, 1.5 or 2.0. The difference between the models PI and PII are
the coefficient values represented by each equation, which are
empirically determined by the calibration of the K. value with
conventional and standardized methods. The Vickers indentation
fracture models proposed in this work are based on the assump-
tion that there are no pre-existing surface stresses. Nevertheless,
itis necessary to taking account the presence of residual stresses
at the boride layer which is a factor to be considered when apply-
ing the Vickers indentation test. In this case, the apparent surface
crack length is a reflection of both the fracture toughness of the
phase and any pre-existing residual stresses, be they compressive
or tensile, without considering the applied load. A compressive
residual stress will decrease the surface crack length relative to
the equilibrium length in the absence of residual stresses; a ten-
sile stress will do the reverse (see [25] and references therein).
Then, the fracture toughness values of the Fe,B phase obtained
by both models are sensible to the accuracy to which the crack
lengths can be measured (and hence to which the fracture tough-
ness can be calculated), being necessary to discard unacceptable
crack patterns occurring from the sides of the indentation
instead of the corners (parallel to the surface) and crack
branching.

As stated by Byakova [26], the anisotropy of the boride lay-
ers is influenced by the crystallographic composition (columnar
crystals) and also by the presence of the residual stresses, so,
the fracture toughness should be measured considering cracks
normal and parallel to the surface. What is more, the brittle
fracture criteria are not sensitive to the residual stresses when
the cracks do not intersect a grain boundary. As a consequence,
the fracture resistance is directly related to the structural non-
uniformity of the boride coating. For this reason the critical stress

Table 2
Characteristic lengths of g and c for different microindentation loads and distances from the surface for the Fe,B borided layer formed at 1273 K
Distance from the 1.96 2.94 491 9.81
surface (pm)

g (um) ¢ (pm) g (m) ¢ (pwm) g (pm) ¢ (pm) g (pm) ¢ (pm)
P (N)
15 129 £ 2.0 195 £22 16.1 £ 3.9 24.6 + 3.8 - - - -
25 1.1 £ 1.4 179 £ 1.4 12.8 £3.0 21.6 £ 3.0 2277 £ 4.4 353 £ 4.7 - -
35 90=£15 159+ 1.6 126 £29 21.7 £ 3.0 199 £ 3.0 33.0 £ 3.1 259 +£42 452 + 4.1
45 9.8 £3.2 169 £+ 3.2 9.8 £24 19.0 £ 2.3 19.8 £ 6.7 333 +£6.5 27.0 £ 6.5 458 £ 6.4
55 89 £ 25 16.0 £+ 2.6 8.6 £25 18.0 £ 2.4 16.5 £ 3.3 304 £33 24.5 + 6.0 44.0 + 6.0
65 79 £ 1.9 153 £ 1.9 81+138 17.8 £ 1.8 145 £33 283 £ 3.2 193 £ 4.1 39.5 £3.9
75 7.0 £ 1.1 145+ 12 7.0 £ 1.8 172 £ 1.8 13.6 £5.2 27.8 £ 5.1 - -
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Surface

Fig. 6. Palmqyvist cracks produced by Vickers microindentation: (a) normal to
the surface and (b) parallel to the surface.

intensity factor should be presented as K (8) where 6 is the coor-
dinate angle between the direction of crack propagation and the
surface.

The fracture toughness evaluated with normal cracks K (90°)
to the surface is 30—80% higher than that evaluated with parallel
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Fig. 7. Behavior of K. (PI model) against the indentation load for the boriding
temperatures of: (a) 1173 K, (b) 1223 K and (c) 1273 K.
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Fig. 8. Behavior of K. (PII model) against the indentation load for the boriding
temperatures of: (a) 1173 K, (b) 1223 K and (c) 1273 K.

cracks K. (0°), and when Pg o2 > 2.5,3 K. (90°) reaches the level
of K. (0°); expecting similar lengths for both cracks (parallel and
normal to the surface). Due to the fact that the cracks normal to
the surface are shorter than the parallel ones or even do not appear
(Fig. 6), itis assumed that the critical condition mentioned before
(Ppo2 >2.5) has not been reached and therefore the K. value
in the parallel direction will be the critical value of the fracture
toughness of the Fe, B boride layer. In fact, equal length of cracks
for all four of indentor impression tips is only observed in tests
on surface layers which are isotropic in structure and stresses.
Thus, the K. values of the equations proposed in Table 1 are
determined using only cracks parallel to the surface. Due to
the fact that the fracture toughness is higher in the direction
normal to the surface, it is assumed that the compressive stresses
are higher in the normal direction and retards the crack growth
produced by microindentation. Another important feature of this

3 The pole density Py, is the ratio of the number of crystals for which the
[h k] axis of texture which is a normal to the [u v w] plane coincides with the
normal to the surface of the specimen to the number of crystals of the same
orientation in a texture-free specimen [25].
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crack propagation pattern is that there is no evidence of crack
deflection or another toughening mechanism.

A fundamental problem with the Vickers indentation fracture
toughness tests, as stated by Quinn and Bradt [27] is that brittle
materials* do not deform and fracture underneath an indentation
in a self-similar manner to the crack models proposed in this
study. In the PI model case, the cracks are considered in a semi-
elliptical form in comparison to the semicircles cracks proposed
in PIL.

Figs. 7 and 8 show the behavior of the K. values against
the Vickers indentation testing loads. As the distance from
the surface increases, so the K. values, as previously dis-
cussed. However, both models do not propose a unique value
to determine the fracture toughness of the Fe,;B boride phase.
Likewise, the K. results for the PII model (mean value of
4.1 £0.6 MPam'?) are more stable in comparison with the
PI model (4.5 + 1.8 MPam'/?) according to the applied loads
used in this work. Furthermore, the different microindentation
distances from the surface of the borided samples, the treat-
ment temperatures, the boride layer thicknesses and the crack
length measurements as a function of thermal residual stresses
produced by the boride growth seem to influence the fracture
toughness value of the Fe;B phase. Obviously the values of
K. recorded under these conditions characterize the fracture
toughness of the individual grains but do not reflect the frac-
ture resistance of the whole coating as an elastic continuum as
a whole.

4. Conclusions

This study evaluated the fracture toughness of the Fe;B
boride layer using the Palmgqvist crack models proposed by
Laugier and Niihara et al. [13,14]. The presence of Palmqvist
cracks at the boride layers is established by the slope values
obtained between 1/2 and 1 in the applied load versus crack
length curves. The fracture toughness values obtained by the
PII model indicate minor dispersion in comparison with the PI
model. Hence, the difference between the models PI and PII are
the coefficient values represented by each equation, which are
empirically determined by the calibration of the K. value with
conventional and standardized methods.

The results obtained for both models do not indicate a con-
stant value for the fracture toughness of the iron boride, as that
parameter is influenced by the microindentation distances, the
boriding temperatures, the thickness of the boride layer and the
apparent surface crack length that is a reflection of both the
fracture toughness of the phase and any pre-existing residual
stresses. In this case, for the evaluation of the brittle strength of
boride non-uniformity coatings, it is desirable to use the criti-
cal stress intensity factors presented in the form of the function
K. (6), where 0° <0 <90° is the coordinate angle between the

4 InRef. [17], Campos et al. have determined by means of the AFM technique,
that the Fe,B iron boride is constituted by fine crystals, which possibly causes
the layer not to deform and fracture in the same manner based on the criteria
established by the Palmqvist crack models.

direction of crack propagation and the surface. Therefore it is
important to formulate brittle fracture criteria in boride layers
for determining K. invariant with elastic residual stresses oper-
ating within them for the different experimental conditions of
the boriding process.
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