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AISI 1018 steel substrates were powder-pack, diffusion boronized at 850 �C for 4 h, followed by air
quenching. Optical microscopy in conjunction with color etching was used to obtain the average penetration
depth of the iron monoboride layer (9 lm) and the iron diboride layer (57 lm). X-ray diffraction by
synchrotron radiation, conducted at the National Synchrotron Light Source in Brookhaven National
Laboratory, confirmed the presence of iron monoboride and iron diboride in the boronized plain steel
substrates. The sin2 w technique was employed to calculate the residual stress found in the iron monoboride
layer (-237 MPa) and in the substrate layer (-150 MPa) that is intertwined with the needle-like, iron
diboride penetration.
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1. Introduction

Boronization is a surface coating applied to ferrous and
nonferrous metals that has characteristic properties of high
hardness, corrosion resistance, and high temperature oxidation
resistance (Ref 1). Many different boronization techniques
exist. One of the most commonly employed techniques is
powder-pack boronization. This technique was used to boron-
ize the AISI 1018 steel samples used for all tests described in
this article.

Powder-pack boronization is a thermochemical treatment in
which boron atoms diffuse into and form borides with the
particular substrate. The borides formed depend not only on the
predominate element in the substrate, but also on the alloying
elements. For example, only iron monoboride (FeB) is present
in boronized AISI 304 steel, while iron monoboride and iron
diboride (Fe2B) are present in boronized AISI 4340 and 1018
steels (Ref 1). In the case of AISI 1018 steel, FeB is found at
the surface and Fe2B is found between the FeB layer and the
steel substrate. This is illustrated in Fig. 1, in which the cross
section of a boronized AISI 1018 steel sample was color etched
to distinguish the FeB layer from the Fe2B layer. The optical
micrograph shown in Fig. 1 also illustrates the needle-like
morphology of the constituent boride layers.

The penetration depth of the boride layers into the substrate
can be controlled by diffusion time and temperature. Boride
layer thickness displays a parabolic increase with time and a
linear increase with temperature (Ref 2). As the boride layer
increases in depth there is a corresponding increase in the total
thickness of the composite (including the boride layers and
substrate) material. However, the increase in thickness of the
composite material is comparably very small.

Properties other than the depth of penetration of the boride
layers due to varying the time or temperature of diffusion also
vary and need to be studied in greater depth. For example, the
average grain size of the composite near the substrate/boride
layer interface may vary substantially by using different
temperatures. Also, it has been shown by Yagyu et al. that the
deuterated boronization process causes other elements, par-
ticularly carbon, to diffuse toward the substrate/boride layer
interface (Ref 3). This phenomenon was also observed (by
means of SEM/EDS) for our powder-pack boronization
process. Due to the number of variable parameters in the
various boronization processes, it is essential that each
process be fully characterized in order to find the optimal
process for specific applications. In this article, the residual
stresses that accrued in the iron monoboride layer and in the
near-surface substrate during our powder-pack thermal diffu-
sion boronization process were examined. For reference
purposes, the microhardness and layer thicknesses are also
given.

2. Experimental Procedure

AISI 1018 steel coupons (38 mm · 19.5 mm · 0.5 mm)
were lightly polished with a 600-grit abrasive paper. They
were then simultaneously powder-pack boronized for 4 h at
850 �C in a crucible placed in a Thermolyne 48000 box furnace
infiltrated with argon. The powder-pack mixture consisted of
B4C, KBF4, and Al2O3. After the four hours of boronization,
the crucible and its contents was immediately removed from the
furnace and air quenched at room temperature.
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Before residual stress measurements were taken, powder
X-ray diffraction by a synchrotron radiation source (at Brook-
haven National Laboratory) was used to obtain the diffraction
peaks of the boronized and unboronized AISI 1018 steel
coupons. From these graphs, the (2 1 2) FeB peak and the (2 1 1)
Fe peak were chosen to be the peaks used to evaluate the
residual stresses. These peaks were chosen due to their relatively
high-angle (2h) proximity on the diffraction spectrum (Ref 4)
and because they contained no overlapping peaks.

For reference purposes, the average depth of penetration of
the boride peaks and the average coating thickness were
obtained by making measurements on the cross section of
the samples with a Zeiss Axiotech optical microscope. The
microhardness of the coating and the substrate was also found
through use of a LECO LM 700 microhardness tester.

3. Results and Discussion

The peak variation from relatively smaller 2h (twice the
angle of the incident X-ray beam) to larger 2h at increasing w
(sample tilt angle), as seen in Fig. 2, reveals that compressive
stresses are present in the FeB layer and in the substrate of the
boronized AISI 1018 steel coupons. By observing the immense
and steady decrease in intensity of the Fe (2 1 1) peak from
w = 0� to w = 60�, it is evident that the residual stress of the
steel is measured very near the coating/substrate interface. This
conclusion could also be made simply by observing the large
penetration depth of the boride layers. (To increase accuracy,
diffraction runs were conducted twice and averaged together to
produce the peaks shown in Fig. 2.)

Figure 3 shows the results of the atomic planar spacing, d,
versus sin2 w of FeB and Fe in the boronized specimen and Fe
in an unboronized coupon. Since the data display linear
characteristics, the sin2 w technique was employed to calculate
the residual stresses (Ref 5-7). The governing equation for this
technique is:

d/w � d0
d0

¼ 1þ t
E

r/ sin
2 w� t

E
r11 þ r22ð Þ;

where r is stress, and t and E are known values and are
Poisson�s ratio and Young�s modulus, respectively. The angle
at which the beam contacts the sample relative to the princi-
ple stress directions, 11 and 22, on the surface of the sample,
is represented by /. Subscript, 0, indicates that the value is
taken at w = 0. The residual stresses, r/, were thus calcu-
lated for each data set and are displayed in Table 1. In
Table 1, a few other surface-hardening techniques are listed
for comparison purposes. It should be noted that these other
processes generally have significantly lower microhardnesses.

The average thickness of the coating was found to be
45.3 lm, based on 290 measurements. The average depth of
penetration of the FeB layer was found to be 8.6 and 56.9 lm
for the Fe2B layer, based on 116 and 400 measurements,
respectively. Microhardness measurements (in units of kg/mm2)
revealed a maximum average Knoop hardness in the coating of
2050 at 13 lm from the surface. Likewise, the maximum

Fig. 2 Variation in 2h for different tilt angles (First peak: Fe(2 1 1).
Second peak: FeB (2 1 2).)

Fig. 3 Atomic planar spacing variation with sin2 (W) (Data sets:
Square: FeB, Circle: Fe uncoated, Triangle: Fe coated.)

Fig. 1 Optical image of a color-etched cross section of boronized
AISI 1018 Steel, displaying the two boride layers and needle-like
morphology
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average Vickers hardness was measured to be approximately
2150 at 25 lm.

4. Conclusion

Coupons of AISI 1018 steel were powder-pack, diffusion
boronized at 850 �C for 4 h. X-ray diffraction by synchrotron
radiation provided data for the calculation of residual stresses
introduced during boronization. For comparison purposes, this
calculation (the sin2 w technique) was also made for unboron-
ized AISI 1018 steel. The iron monoboride layer was found to
have a compressive stress of 237 MPa, and the coated iron
increased in compressive stress from 109 MPa (uncoated) to
150 MPa. Optical microscopy in conjunction with color
etching revealed an average penetration depth of the iron
monoboride layer to be 9 and 57 lm in the iron diboride layer.

Due to time constraints at the beam line, residual stresses in the
Fe2B layer have not yet been measured, but hopefully will be in
the near future.
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Table 1 Residual stresses found in boronized and
unboronized samples

Compound Residual stress, Pa

FeB -237 · 106

Fe (coated) -150 · 106

Fe (uncoated) -109 · 106

Carburizing (a) -300 · 106

Plasma nitriding (a) -425 · 106

Gas sulfonitriding (a) -375 · 106

(a) Residual stresses on different steel substrates by the processes indi-
cated (Ref 8, 9). The details of these processes are found in (Ref 8, 9)
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