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ABSTRACT

Microstructural Evaluation of Hydrogen Embrittlement and Successive
Recovery in Advanced High Strength Steel

Quentin Scott Allen
Department of Mechanical Engineering, BYU
Master of Science

Advanced high strength steels (AHSS) have high susceptibility to hydrogen
embrittlement, and are often exposed to hydrogen environments in processing. In order to study
the embrittlement and recovery of steel, tensile tests were conducted on two different types of
AHSS over time after hydrogen charging. Concentration measurements and hydrogen
microprinting were carried out at the same time steps to visualize the hydrogen behavior during
recovery. The diffusible hydrogen concentration was found to decay exponentially, and
equations were found for the two types of steel. Hydrogen concentration decay rates were
calculated to be -0.355 /hr in TBF steel, and -0.225 /hr in DP. Hydrogen concentration thresholds
for embrittlement were found to be 1.04 mL/100 g for TBF steel, and 0.87 mL/100g for DP steel.
TBEF steel is predicted to recover from embrittlement within 4.1 hours, compared to 7.2 hours in
DP steel. A two-factor method of evaluating recovery from embrittlement, requiring hydrogen
concentration threshold and decay rate, is explained for use in predicting recovery after exposure
to hydrogen. Anisotropic hydrogen diffusion rates were also observed on the surface of both
steels for a short time after charging, as hydrogen left the surface through <001> and <101>
grains faster than grains with <111> orientations. This could be explained by differences in
surface energies between the different orientations.

Keywords: steel, AHSS, HMT, OIM, hydrogen embrittlement, recovery, diffusion,

crystallographic orientation
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INTRODUCTION

1.1 Advanced High Strength Steel

Advanced high strength steels (AHSS) were designed for the automotive industry to
combine high strength with greater ductility than typical steels. AHSS contain complex
microstructures that allow for their improved properties [1]. Two important types of AHSS are
dual phase (DP), and transformation-induced plasticity (TRIP) steels. DP steel consists of small,
hard islands of fine martensite lathes that strengthen a soft ferrite matrix, resulting in a high
strength steel with a surprising amount of ductility. TRIP steels are strengthened under a similar
mechanism, with hard martensite and bainite phases in the ferrite matrix [2]. TRIP steels also
contain retained austenite, which contributes to ductility by transforming to martensite under an
applied stress. The great strength and formability of automotive AHSS make them prime

materials for lighter, safer vehicles.

1.2 Hydrogen Embrittlement of AHSS

One concern for the widespread use of AHSS is their propensity to hydrogen
embrittlement (HE) [1]. High hydrogen concentration reduces the ductility and toughness of
steel, leading to unpredictable failures [3]-[6]. In general, the embrittlement effect is more
pronounced in higher-strength steels [7]-[9]. Hydrogen can enter steel during corrosion, or

processing steps like welding, painting, plating, and galvanizing [1], [10]. Extremely high



concentrations of hydrogen can cause the formation of cracks along grain boundaries or other
lattice defects even without an applied stress [11], [12]. Delayed cracking can occur long after
processing, as hydrogen diffuses to areas of residual stresses [13]. Methods to mitigate HE are
commonly used in steel processing, but the complex microstructure of AHSS present a new set

of challenges.

HE is typically measured by quantifying the loss of ductility for materials charged with
hydrogen. ASTM G142 outlines procedures for performing tensile tests on a base material, and
again when charged with hydrogen. A material’s susceptibility to hydrogen is thus determined by
how drastically strength and ductility are reduced. Similarly, resistance to HE is determined by
showing less ductility loss compared to another material at similar hydrogen exposure [14].
Aside from tensile tests, ductility can also be measured with drawing, punching, or bending tests
[15]-[17]. These test methods quantify the severity of embrittlement, but only at the

concentrations and times tested.

The time to recover from hydrogen embrittlement is an important factor in industry. In an
ideal production line, any hydrogen uptake from one processing step will be depleted before the
next processing step begins. There are a few standard tests that are time-sensitive. ASTM F519
and A1030 describe constant force methods to determine a material’s susceptibility to delayed
fracture. Threshold hydrogen concentrations can be determined such that there is no danger of
delayed cracking if hydrogen concentrations are kept below the threshold [18], [19]. If hydrogen
content exceeds the threshold, however, recovery time after hydrogen uptake is still unknown.

In-depth knowledge of recovery from HE is needed.



1.3 Hydrogen Diffusion in AHSS

Hydrogen’s interaction with steel is complicated and difficult to study. Absorbed
hydrogen diffuses through the steel matrix, especially towards areas of high stress or strain [8],
[13]. Packing distance between atoms affects diffusion speed and saturation limits. Extra space
from dislocations, voids, and grain boundaries can be both traps and pathways for diffusing
hydrogen [9], [11], [20]. Austenite has a higher hydrogen solubility limit but a slower diffusion
rate than ferrite or martensite, making it an effective hydrogen trap [5], [20]-[25]. Recent
research has indicated that crystalline orientations have an effect on hydrogen diffusion rates

[26], and resistance to HE [12].

1.3.1 Current Hydrogen Research

Hydrogen-metal interactions remain an active area of research. There are at least 4
distinct theories on the mechanisms of HE [27]-[30], though a combination of multiple theories
may be most accurate [31]-[33]. There has been great progress in modelling and simulating the
diffusion of hydrogen in steels [9], [34]-[40]. Experimental methods to view and characterize
actual locations of hydrogen concentrations and the effects on properties over time are still

needed to help inform the mathematical simulations.

Common experimental techniques such as thermal desorption analysis and permeation
cells measure amounts of hydrogen, but without information about location [41]-[43]. Scanning
Kelvin probe force microscopy and the hydrogen microprint technique (HMT) are two methods
that can detect relative amounts of hydrogen at the surface of a sample [44], [45]. In HMT,
hydrogen diffusing out of the steel reacts with a silver bromide (AgBr) emulsion, reducing solid

silver particles on the surface [45]-[48]. HMT has been used to show preferred pathways of



hydrogen diffusion along areas of high deformation and dislocation density [6], [49]. A modified
version of HMT showed diffusion along high angle grain boundaries [50]. More of these studies

of the interaction of hydrogen with specific microstructures is needed to better understand HE.

1.4 Scope of Thesis

To study the time-dependent behavior of hydrogen in AHSS, the hydrogen microprint
technique is combined with orientation imaging microscopy (OIM) to visualize hydrogen
diffusion in terms of the underlying microstructure. OIM is a technique where electron
backscatter diffraction (EBSD) patterns are used to identify the orientation of atomic planes in a
sample [51], [52]. Performing OIM and HMT on the same location of a steel sample reveals
which phases, grain boundaries, and orientations diffuse and trap the most hydrogen. Tensile
tests and hydrogen concentration measurements allow for quantification of hydrogen
embrittlement over time. This study will combine the microstructural data of HMT and EBSD
with tensile tests at various times to show hydrogen’s effect on AHSS ductility over time. This
data will give insight to the selection of automotive steels and prediction of HE recovery times

needed for different production lines.



2 METHODS

2.1 Materials Tested

Two types of AHSS were investigated: DP 980 and TBF 980 (a TRIP steel). Both steels
were rated for a strength of 980 MPa. Table 2-1 shows the nominal components, and Figure 2-1
shows scanning electron microscope (SEM) pictures of the microstructures of the two types of

steel.

Table 2-1: Alloying element compositions
of the steels tested in wt% [2].

Steel Type C Si Mn
DP 980 0.097 0.015 2.349
TBF 980 0.16 1.3 2.2

2.2 Hydrogen Charging

An electrochemical hydrogen charging method was employed to saturate the steels with
hydrogen. Cathodic charging occurred in a 0.5 M sulfuric acid solution with 0.4 g/L of the
electrolyte thiourea and a constant current density of 16.7 mA/cm?. The DP steel was charged for

90 minutes, and the TBF steel for 120 minutes.
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Figure 2-1: etched microstructures of a) DP and b) TBF steel. Notice the finer lath
structure of the DP steel and the greater variety of hardening precipitates in the TBF.

2.3 Tensile Testing

Tensile tests were conducted to show the effects of hydrogen on DP and TBF steel
properties. Slow strain rates are known to accentuate the loss of ductility [7], [53], [54]. ASTM
G129 was consulted in determining an appropriate strain rate of 10 /s for the embrittlement
tensile tests. ASTM ES8 was referenced in creating the dog-bone dimensions shown in Figure 2-2.
The tensile specimens were cut out of 1.6mm thick sheets using a water-jet cutter, with the
rolling direction along the tensile axis. Testing was performed at 1, 2, 5, 10, 25, and 100 hours
after hydrogen charging to view how hydrogen embrittlement recovers over time. The yield
strength, ultimate tensile strength (UTS), and elongation at failure were recorded for each

specimen, along with the recovery time after charging.
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Figure 2-2: the dimensions of the tensile specimens used in this study (all units in inches).

2.4 Hydrogen Microprinting

High traffic hydrogen exit locations were marked with HMT. Coupons of the two types
of steel approximately 2 cm by 1.5 cm were prepared for HMT and OIM by standard
metallographic grinding and polishing. The final polishing step was a water-free suspension of
0.05 pm colloidal silica on a vibratory polisher for 2 hours. The samples were then charged and
allowed to recover the same amounts of time (1, 2, 5, 10, 25, 100 hours) before microprinting.
Samples were given an additional light polish with 0.1 pm diamond paste after charging and
about 10-15 minutes prior to microprinting to remove any artifacts from the charging and clear

the sample surface of any hydrogen that had previously evolved and collected on the surface.

Microprinting was performed in a darkroom, where the silver bromide emulsion was
prepared by combining 20 mL of a 1.4 M sodium nitrite solution with 10 g silver bromide gel.
Ag-Plus silver bromide emulsion from Rockland Colloid was found to give comparable results to

the Ilford L4 emulsion typically used for microprinting, while being significantly less expensive.



A thin film of emulsion was placed over the sample using a wire loop and allowed to
develop on the sample for 20 minutes. Shorter development times were needed for the samples
microprinted 1 hour after charging in order to characterize differences in the hydrogen flux
between grains. The relative humidity in the darkroom was kept at 80% to prevent the emulsion
from drying out. After development, the samples were dipped in formalin for 3 seconds and
placed in a solution of 1.4 M sodium nitrite combined with 0.6 M sodium thiosulfate to wash
away unreacted silver bromide. After 5 minutes of light agitation in the thiosulfate fixing
solution, the sample was moved to a bath of hot (~80°C) distilled water. Soap was added to the
bath, which was placed in an ultrasonic cleaner for 2 minutes to wash away the top layer of
gelatin. Samples were dried with methanol and compressed air to protect from corrosion. A
hydrogen microprinting manual produced for the purpose of training new researchers on how to

perform HMT is included in Appendix A.

2.5 Microscopy

Microprinted samples were viewed in the SEM. A focused ion beam (FIB) was used to
create fiducial marks near areas with good microprinting. The marked areas were imaged with a
back-scatter electron (BSE) detector using an accelerating voltage of 20 kV. In BSE images,
silver shows up lighter than the steel substrate. Energy-dispersive x-ray spectroscopy (EDS) with
an accelerating voltage of 20 kV and working distance of 5 mm was used to verify that the small
spheres apparent on the surface were silver, and to quantify the silver coverage. Silver
quantification was completed by scanning 3 regions with varying amounts of silver near each
fiducial mark. The background signal was subtracted off of the resulting X-ray energy spectra,

and the number of x-ray counts at the characteristic energy of silver (2.99 keV) were divided by



the counts at the iron characteristic level (6.40 keV) to obtain a non-dimensional peak-height
ratio that could be compared across samples. The three levels of silver coverage were used as a
comparison standard to determine the X-ray elemental quantification of silver for any other grain
at that location given the percentage of silver particles (lighter pixels) in a selected area of the

BSE image.

After imaging, the microprinting was cleaned off the samples with a warm soap water
bath in an ultrasonic cleaner until the film begins to separate from the sample. The samples were
taken back to the SEM for OIM analysis in the locations marked by the FIB fiducial marks. 55
um x 55 um EBSD scans were performed using an accelerating voltage of 20 kV, and a 0.15 um

step size.

A Matlab code was developed to analyze the different microprint images. A specific
grain could be selected in both the EBSD inverse pole figure (IPF) image and the BSE
microprint picture. Relevant grain data from the EBSD scan, and the percentage of the grain
covered with silver particles in the BSE image was recorded for correlation. This Matlab code is
included in Appendix B. This silver percentage was converted to a silver-to-iron peak-height

ratio using the comparison standards created from the 3 data points at each fiducial mark.

It can be assumed that the amount of silver on the microprint surface is proportional to
the hydrogen flux during the development time, until all available silver particles have been
developed. The silver-to-iron peak-height ratio is thus a non-dimensional measure of silver
proportional to the amount of hydrogen that passed through the surface at that location. The
representative hydrogen flux values reported in Section 2 were obtained by dividing the X-ray

peak-height ratio of each grain by the development time that the AgBr sat on the surface. While



the actual value of hydrogen flux is still unknown, the relative amounts of hydrogen flux are
clearly discernable. Multiple grains from each orientation were analyzed at each fiducial mark,

and averaged to get the results reported in Section 2.

2.6 Hydrogen Measurement

Measurement of the actual hydrogen concentration was performed using the hot glycerol
method and following procedures outlined in ANSI/AWS A4.3. The diffusible hydrogen content
in both types of steel were measured immediately after charging, and at 1, 2, 5, 10, and 25 hours
after charging. Diffusible hydrogen leaving the sample displaced a measurable volume of
glycerin. The mass of the steel was measured to report the hydrogen content in units of mL H/

100g steel.

10



3 RESULTS

3.1 Tensile Tests

Tensile tests showed that hydrogen reduced the ductility of DP and TBF steel without
affecting the yield or ultimate tensile strength. Complete results of the tensile tests are compiled
in Table 3-1 and Table 3-2. Figure 3-1 shows the strength and ductility as a function of post-
charging recovery time. The ductility of DP samples dropped by 43.1% when tested 1 hour after

hydrogen charging, while the TBF steel ductility dropped by 28.3% at the same time interval.

Table 3-1: DP steel tensile test data.

Time After Charging (hr) Yield Strength (MPa)  UTS (MPa)  Ductility at failure (%)
1 817 1005 8.4
2 800 1018 9.7
5 783 988 12.9
10 793 1009 14.0
25 800 1004 14.7
100 776 1017 13.7
Uncharged 787 1027 14.7

11



Table 3-2: TBF steel tensile test data.

Time After Charging (hr) Yield Strength (MPa)  UTS (MPa)  Ductility at failure (%)
1 790 991 8.7
2 770 980 9.8
5 767 991 13.0
10 765 995 13.6
25 762 997 12.8
100 773 990 13.0
Uncharged 754 979 12.2

Both types of steel recovered ductility over time. Hydrogen diffused out of the specimens
until the concentration fell to levels such that the base metal ductility fully recovered. DP steel
samples tested 1, 2, and 5 hours after charging showed reduced ductility, while those tested 10 or
more hours post-charging displayed comparable ductility to that of the base metal (Figure 3-1c).
In TBF steel, only samples tested at 1 and 2 hours after charging were brittle, and samples tested
5 hours or longer after charging had recovered the ductility of the uncharged specimens (Figure
3-1d). A critical hydrogen concentration threshold where ductility returns is reached between 2

and 5 hours after charging in the TBF steel, and between 5 and 10 hours in the DP steel.

3.2 Hydrogen Measurement

The diffusible hydrogen content was measured immediately after charging, and at 1, 2, 5,
10, and 25 hours post-charging. Both types of steel reached a maximum hydrogen level of 4.4
mL/100g during the hydrogen charging. After removal from the charging bath, hydrogen content

in the steels decreases with an exponential decay, as shown in Figure 3-2.

12
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Figure 3-1: Results from the tensile tests. a) The ultimate tensile and yield strength of DP
steel. b) UTS and YS of TBF steel. ¢) Ductility of DP steel. d) Ductility of TBF steel.

Best-fit equations for hydrogen concentration were calculated for both the DP steel:

c=4 4-8_0'225t

(-1

13



and the TBF steel:

c = 4.4 0355 (3-2)

The leading coefficient represents the initial diffusible hydrogen concentration after
charging, while the exponent is the decay rate. This decay rate is an important parameter in
evaluating resistance and recovery from hydrogen over time, as it describes how quickly

diffusible hydrogen can exit the steel matrix.

Hydrogen Concentration

5
4.5
=1
a B
é 3.5 ...\\‘
g 2 i .'\‘\ m DpP
£ " ® TBF
515 e.W DP Best Fit
ﬁ % ‘\\\ .
S ! WSO m e TBF Best Fit
= 0.5 R

0 o '-----..-...7.‘.‘.'.7&-.\17-:------'

0 5 10 15 20 25
Hours After Charging

Figure 3-2: Diffusible hydrogen concentration of DP and TBF steel as a function of time
post-charging. Best-fit equations are 4. 4e~%225 for DP steel, and 4. 4e~%3%% for TBF.

3.3 HMT / Microscopy

Microprinting was used to identify hydrogen sinks and characterize diffusion rates of
microstructures present on the steel sample surfaces. Figure 3-3 shows two microprint images of

DP steel. Figure 3-3a was taken 1 hour after charging, and ¢ was taken 5 hours after charging.
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Figure 3-3b and d show the EBSD IPF maps of those microprinted locations. In an IPF image,

the crystalline orientation is illustrated with a unique color defined by the color-wheel in Figure

3-3e. The main orientations investigated in this study, namely the <001>, <101> and <111>

directions, are depicted as red/orange, green, and blue/violet, respectively. Roman numerals in

the figures pinpoint specific grains to list silver and hydrogen flux levels, as described in Section

2.5. Figure 3-4 shows microprints and IPF maps for TBF steel. The nearest orientation and silver

decoration level for each numbered grain in the figures are compiled in Table 3-3 and Table 3-4.

Table 3-3: Orientation, silver-to-iron peak-height ratio (PHR), and the resulting
representative flux data for numbered grains of DP steel in Figure 3-3.

Grain #

Nearest Orientation ~ Ag:Fe PHR  Representative Flux (min™')

I
II
I
v
A%
VI

<001> 0.0492 0.00307
<101> 0.0311 0.00207
<111> 0.0133 0.00089
<001> 0.0092 0.00046
<101> 0.0249 0.00124
<111> 0.0453 0.00227

Table 3-4: Orientation, silver-to-iron peak-height ratio (PHR), and resulting
representative flux data for numbered grains of TBF steel in Figure 3-4.

Grain #

Nearest Orientation Ag:Fe PHR  Representative Flux (min™)

I
II
I
v
v
VI

<001> 0.0859 0.00859
<101> 0.0880 0.00880
<I11> 0.0798 0.00798
<001> 0.0165 0.00824
<101> 0.0386 0.00193
<111> 0.0708 0.00353
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o T

001 101
(¢

Figure 3-3: DP steel. a) BSE image of a microprint 1 hour post-charging (exposed 15
minutes), where silver shows up lighter. b) EBSD IPF map. ¢) BSE microprint image S
hours after charging. d) Corresponding EBSD IPF map. e) 001 IPF color-wheel.
Orientations and silver coverage data for numbered grains I-VI are compiled in Table 3-3.
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Figure 3-4: TBF steel. a) BSE image of microprint 1 hour after charging (10-minute
exposure), and b) EBSD IPF map. ¢) BSE microprint 5 hours post charging. d) EBSD IPF
map. e¢) 001 IPF color-wheel. The orientation and silver coverage values of the numbered
grains are compiled in Table 3-4.
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The silver concentrations on various grains were quantified and converted to a

representative hydrogen flux with the methods outlined in Section 2.5. Figure 3-5 shows this

representative flux as a function of time for each type of steel. Observed hydrogen flux also

follows an exponential decay over time. Best-fit equations of the form y = AeBt + C were

calculated for the different orientations of each type of steel, where t represents time after

charging (in hours). The coefficient A represents an initial flux rate at the highest concentration

level. The decay exponent, B represents the rate of decay, or how fast the flux rate drops. The

value C is an equilibrium flux rate that the grain will eventually reach after time. This

equilibrium flux is representative of the strength of a hydrogen trap, and is highest in grains of

retained austenite. The values of A, B, and C for each steel type and orientation are compiled in

Table 3-5.

Table 3-5: Coefficient values for hydrogen flux
best-fit curves of the form y = 4e5t + C.

Grain Orientation A B C

DP <001> 0.0135 -0.700 0.0015
DP <101> 0.0080 -0.450 0.0017
DP<111> 0.0035 -0.165 0.0015
DP Martensite 0.0085 -0.315 0.0023
TBF <001> 0.0070 -0.410 0.0010
TBF <101> 0.0060 -0.385 0.0012
TBF <111> 0.0040 -0.205 0.0012
TBF Austenite 0.0130 -0.595 0.0040
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Figure 3-5: Representative hydrogen flux as a function of time for different orientations
and phases. a) DP steel. b) TBF steel.
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In the steels investigated, <001> orientations have the highest values of coefficient A,
meaning that they began with the highest level of hydrogen flux. <001> grains also have the
most negative values of B, or the fastest decay rates, meaning they evolve hydrogen the fastest.
<101> grains also showed high levels of early flux and rapid decay rates. <111> orientations
began with lower flux levels, but retained hydrogen longer, due to slower decay over time. This
phenomenon is apparent in Figure 3-3 and Figure 3-4, where microprints taken 1 hour after
charging show <001> and <101> orientations decorated with more silver than <111>
orientations, indicating greater hydrogen flux. 5 hours after charging, however, <I11> grains
show more silver than <001> and <101> grains. At 10 and 25 hours post-charging, differences
between grains are small, and only trapping sites like austenite and martensite are significantly

decorated with silver, i.e. are still evolving hydrogen.
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4 DISCUSSION

4.1 Ductility as a Function of Hydrogen Concentrations

The ductility of both DP and TBF steel were lowered by the presence of diffusible
hydrogen in the matrix. Since tensile tests were conducted at the same time steps as
concentration measurements, each level of measured ductility could be equated to a diffusible
hydrogen concentration. Figure 4-1 shows the ductility of both steels as a function of hydrogen

content, as well as best-fit curves and threshold limits of ductility and hydrogen concentration.

Ductiltiy with Hydrogen Content

16
14 gg=-m.
........ ° S~ ]
SR GG S = DP
=10 v o . B
o .'-.. N ] ® TBF
= 8 ar % N .
= . | . -===DP Best Fit
5 0 | s
A 4 ol I Y R B TBF Best Fit
) I I = + = DP Threshold
0 an . — - TBF Threshold
0 1 2 3 4

H Concentration (mL/100g)

Figure 4-1: Ductility as a function of hydrogen concentration. The intercepts of the best-fit
curves with the lowest measured ductility form hydrogen concentration threshold limits.
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Threshold hydrogen concentration levels were found by determining the intercept of the
best-fit equations with the lowest level of ductility measured in the base metals. These threshold
limits provide a conservative estimate of the range of hydrogen concentrations where the
ductility of the steels remain in expected regions. Increasing the concentration beyond these
limits runs the risk of decreasing the ductility. The threshold limits are found to be 0.87 and 1.04

mL/100g for DP and TBF steels, respectively.

Hydrogen was still observed in the steel after full recovery of ductility, though only at
strong trapping sites such as martensite or austenite. Concentration measurements show that all
diffusible hydrogen has left the steel within 25 hours after charging (see Figure 3-2). Figure 4-2a
and b shows a microprinted sample of TBF steel 100 hours post-charging and the corresponding
phase map from the EBSD scan. The austenite regions (shown as blue in Figure 4-2b) are
decorated with silver (lighter regions of Figure 4-2a), showing that although the diffusible
hydrogen concentration in the matrix is zero, trapped hydrogen still evolves from the austenite.
Tensile tests showed that this amount of trapped hydrogen did not adversely affect ductility.

Other experiments have also shown that trapped hydrogen does not affect ductility [7], [55].

A major contribution to the ductility of the TBF steel is the transformation of retained
austenite into martensite. It has been proposed that hydrogen absorbed in austenite would be
released in the transformation and cause the newly formed martensite to crack [1], [24]. The
current experiments show that at 5 hours post-charging and beyond, tensile tests of TBF steel
behave normally. Thus, the amount of hydrogen still trapped in the austenite packets clearly does

not hinder the transformation or cause premature failure. More precise measurements will be
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needed to find the trapped hydrogen concentration limits that do affect phase transformation in

austenite.

a b
Figure 4-2: TBF steel 100 hours after charging shows hydrogen trapped in retained
austenite. a) HMT image where silver is lighter. b) EBSD phase map, where blue
represents austenite and red is ferrite.

4.2 Anisotropic Orientation Dependence

This study revealed that hydrogen diffusion shows preference to certain ferrite
orientations over others in the early stages. The anisotropic trend observed here, where grains
with the <001> and <101> orientations evolve hydrogen faster than <111> orientations, has been
shown previously in austenitic stainless steel [26]. The present study shows that initial flux from
the <001> and <101> grains is respectively 1.7 and 1.4 times greater than <111> grains in DP
steel. Within 5 hours after charging, the <001> and <101> surface grains have emptied to the

point that hydrogen flux out of the <111> grains is now the highest. The fact that this anisotropy
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has been observed in multiple studies implies it is a real phenomenon, and not a byproduct of the

microprinting.

One possible explanation for the observed anisotropic behavior could be surface effects.
The present experiments can only observe diffusion at the surface layer. Bulk diffusion is
generally an isotropic property. Hydrogen diffusion in steel proceeds along tetrahedral interstitial
sites in BCC ferrite [56]. The symmetry of the cubic lattice allows interstitial diffusion in almost
any direction. The surface energies of iron atom crystal lattice orientations are listed in Table
4-1. These values follow the trend that the <111> orientation is different form the others. If a
higher surface energy represents a higher energy barrier for hydrogen to exit the steel, then the
slower initial flux rate of <111> grains could be explained by surface energies of ferrite grain

orientations.

Table 4-1: Surface energies of ferrite
crystal orientations [57].

Orientation Surface Energy (J/m?)
<001> 2.50
<111> 2.73

4.3 Resistance to Hydrogen Embrittlement

A valuable measure for AHSS is their resistance to embrittlement when exposed to a
hydrogen environment. A new, two-factor resistance index is proposed to help predict not only a
material’s performance at a given concentration, but to also show the time to recovery. A
resistant microstructure will have a high threshold concentration value— requiring long exposure

to hydrogen before absorbing deleterious levels— and dispel the hydrogen quickly when
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removed from the hydrogen environment. The combination of these two metrics, the threshold
concentration and decay rate, can predict when a particular steel will be susceptible to

embrittlement, and when that likelihood will be over.

In the present experiments, TBF steel showed greater resistance to embrittlement. TBF
steel required a longer charging time than the DP steel and still recovered first. Immediately after
charging, the two steels had similar concentrations of diffusible hydrogen in the matrix, but the
decay rate of diffusible hydrogen in the TBF steel was greater than the DP steel. The threshold
concentrations for the steels were calculated in Section 4.1 to be 0.87 and 1.04 mL/100g for DP
and TBF steels, respectively. The decay exponents from Equations 3.1 and 3.2 are -0.225 /hr and
-0.355 /hr for DP and TBF, respectively. From the combination of these values, TBF steel is
more resistant to hydrogen due to its higher threshold concentration and faster decay rate. Figure
4-3 shows the recovery of the tested steels with a linear slope by plotting the natural logarithm of
Equations 3.1 and 3.2. These equations predict that the diffusible hydrogen concentrations in the
TBF and DP steels will fall below the thresholds after 4.1 and 7.2 hours, meaning that it takes
almost twice as long for the DP steel to recover from the same initial concentration of diffusible

hydrogen.

The increased hydrogen resistance in the TBF steel comes from the retained austenite in
the microstructure. Thin laths of austenite between martensite laths have been shown to improve
ductility of maraging TRIP steel in the presence of hydrogen [15]. Strong trapping sites like
retained austenite slow down the overall hydrogen diffusion rate in steel. The slower diffusion
limits the depth of hydrogen penetration during exposure, but could also prolong hydrogen

escape after charging. A competing mechanism is that the traps may provide new escape routes
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for diffusion in the ferrite or martensite matrix. The TBF steel tested has small islands of retained
austenite in the matrix and along grain boundaries. These abundant trap sites soak up hydrogen
from surrounding grains, effectively shielding the ferrite from excessive hydrogen

concentrations.

H Resistance of Tested Steels

- - =TBF
------- DP Threshold
====TBF Threshold

Time After Charéing (hr)

Figure 4-3: The hydrogen recovery of the tested steels. The charging brought both steels to
a concentration of 4.4 mL/100g. The hydrogen in TBF steel dissipates at a rate of -0.355 /hr,
and falls below the threshold concentration of 1.04 mL/100g after a time of 4.1 hours. The
DP steel dissipates at a rate of -0.225 /hr to fall below 0.87 mL/100g after 7.2 hours.

Both the threshold and decay rate need to be considered. Current attempts to improve
hydrogen resistance include maximizing the threshold limit for a given steel by introducing
strong trapping sites, etc. [10], [18]. It is possible, however, that a faster decay rate will cause
one type of steel to have superior resistance, even with a lower threshold tolerance. Figure 4-4

illustrates such a case. In this figure, two theoretical steels were charged to an initial hydrogen
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concentration of 4.5 mL/100g. Steel 1 was given a threshold limit of 0.5 mL/100g, compared to
1.5 mL/100g in steel 2. The decay rates were given as -0.50 /hr for steel 1 and -0.15 /hr for steel
2. Despite the lower threshold limit, steel 1 recovered ductility in 4.4 hours, while steel 2 took

7.3 hours.

Theoretical Hydrogen Decay

Steel 1
— - = Steel 2
------- Steel 1 Threshold
====Steel 2 Threshold

Time After Charging (hr)

Figure 4-4: A theoretical hydrogen decay model to show how a steel with a lower hydrogen
threshold can recover from charging faster, and thus be more resistant to HE.

The new two-factor metric utilizes a logarithmic graph, as shown in Figure 4-3 and
Figure 4-4. The log of the initial hydrogen content becomes the y-intercept, and the decay rate is
the slope. The log of the threshold concentration is drawn as a horizontal line, and the point that
the hydrogen concentration crosses the threshold represents the time of ductility recovery. Any
hydrogen-steel system could be plotted this way, once an equation for the concentration over

time and threshold hydrogen concentration are found.

27



The thickness of the workpiece will affect the diffusion time. 1.6 mm thick sheet steels
were tested here. Thicker pieces will require longer exposure times to reach equivalent levels of
concentration, and take longer to diffuse out. Likewise, the threshold concentration for
embrittlement of tensile tests may be different than that required for bending or punching tests.
Multiple threshold lines can be drawn in each plot, and the one obtained from testing closest to
the actual service loading of the steel can be used to determine recovery time. Assembling this
data for other testing methods, steel types, and thicknesses will make this two-factor index a

useful metric for the steel production line.

4.4 Future Work

As there are now multiple studies confirming the differences in surface diffusion speed
for different crystallographic orientations, a logical next step is to establish an orientation
dependent diffusion coefficient. It has been attempted here to quantify the differences of
hydrogen flux, which will serve as a foundation for following studies to finish the quantification
of hydrogen travel speed. The study of surface energy effects could also be investigated as a

potential root cause for the observed anisotropy.

The methods presented in this paper could easily be applied to research other preferred
pathways of hydrogen diffusion besides grain orientation. Other types of steel with different
microstructures are prime candidates. Diffusion along geometrically necessary dislocations or

grain boundaries, especially prior austenite grain boundaries, is of particular interest.

The new 2-factor metric to measure hydrogen resistance and recovery could be applied to
a wider variety of steels. Knowledge of the time dependence of ductility recovery is useful to

manufacturers. The dependence on thickness could be accounted for with a normalization to
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allow this method of viewing hydrogen recovery to be of greater practical importance. Expansion
to include other types of steel as well as different geometries and testing methods will improve

the impact of this metric.
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5 CONCLUSIONS

5.1 DP Steel Response to Hydrogen

DP steel was more affected by hydrogen than TBF. Ductility of DP steel decreases 43.1%
at a hydrogen concentration of 3.1 mL/100g and recovers below a critical concentration of 0.87
mL/100g. It takes 7.2 hours after hydrogen charging for the test specimens to diffuse enough
hydrogen to be below the safe threshold hydrogen concentration. The decay rate of hydrogen in

DP steel was found to be -0.225 /hr.

5.2 TBF Steel Response to Hydrogen

Ductility of TBF steel decreases 28.3% at a hydrogen concentration of 2.3 mL/100g and
recovers at a threshold of 1.04 mL/100g. The TBF steel was exposed to the electrochemical
hydrogen charging for 30 minutes longer than the DP steel to attain the same initial
concentration, yet it recovered ductility within 4.1 hours after charging. With a higher threshold
concentration, and a faster decay rate of -0.355 /hr, TBF contains a more resistant microstructure
to hydrogen embrittlement. The trapping behavior of the retained austenite enables this improved
resistance. Retained austenite continues to trap and diffuse hydrogen after the ductility returns,
indicating that the presence of equilibrium amounts of trapped hydrogen does not affect the

martensitic transformation of austenite.
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5.3 Anisotropic Hydrogen Diffusion

Anisotropic hydrogen diffusion occurs in ferrite grains at high concentrations of
diffusible hydrogen. 1 hour after charging, the <001> and <101> grains diffuse at least 1.2 times
more hydrogen than <111> grains in both DP and TBF steels. After 5 hours, however, diffusion
in <111> grains is greater, as the flux from the other orientations has dropped sharply. This trend
has now been shown in multiple studies, and could be the result of a higher surface energy in the

<111> orientations.

5.4 Hydrogen Embrittlement Recovery Index

The decay rate of hydrogen concentration and critical hydrogen concentrations for
embrittlement constitute the two factors in a new HE resistance index. Knowing these two values
for a given steel species and thickness allows for the construction of a hydrogen concentration
plot, and the prediction of when the material will recover from hydrogen exposure. These

predictions will be of use in steel selection and manufacturing processes.
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APPENDIX A. HYDROGEN MICROPRINT HANDBOOK

A.1 Introduction

This handbook was written by Quentin Allen and Jon Mortensen to outline the important
aspects of hydrogen microprinting. It gives instructions in enough detail such that ArcelorMittal
(or any other interested researcher) can successfully recreate the work done at BYU, and build
upon this foundation for more experiments in the future. References to other pertinent articles, a
table of electrochemical hydrogen charging parameters used in literature, information on the
chemicals used, and a quick reference guide to performing the experiment are included at the

end.

A.2 Background

Hydrogen Microprint Technique (HMT) is a way of assessing local regions of hydrogen
diffusion. In microprinting, a metal sample is charged with hydrogen, then covered with a thin
photographic emulsion of silver bromide (AgBr). As the hydrogen exits the sample surface, it
reacts with the emulsion, leaving solid silver particles at the exit site. Figure A-1 illustrates the

process.
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Figure A-1: Photographic emulsion coats the steel surface as hydrogen diffuses out. Silver

ions at the exit locations are reduced by hydrogen. Undeveloped silver is washed away,
leaving a map of hydrogen diffusion.

Figure A-2 shows what a microprinted sample looks like. The light grey regions are made
up of silver particles, and the dark regions show the steel substrate where no particles developed.
The silver particles observed here have a diameter of approximately 0.15 micrometers. Fine
features smaller than 1 micron can be resolved by HMT. A successful microprint requires the
steel sample to be adequately polished and charged with hydrogen, then the photographic
emulsion must be applied, developed, and fixed before the microprint can be imaged. Each of

these steps will be addressed in further detail in this document.
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Figure A-2: A microprinted sample of TRIP steel. The picture was taken using an FEI
Helios Nanolab 600 Scanning Electron Microscope (SEM) on BYU campus. It is at 25,000
X magnification and allows you to see individual silver grains. These grains were deposited
where hydrogen left the sample.

A.3 HMT Process

A.3.1 Sample Preparation

Quality microprinting requires an excellent surface finish on the material to be examined.
Any roughness, such as scratches, pitting or etching, will leave air pockets against the surface,
reducing the integrity of the microprint. The faint lines apparent in Figure A-2 illustrate how

even fine polishing marks on the steel surface can show up in the final microprint. The
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experiments performed at BYU attempt to correlate HMT micrographs with Electron Back-
Scatter Diffraction (EBSD) scans of the same area. Preparing samples for EBSD analysis also

requires high quality polishing to achieve good results.

Best results were achieved by grinding and polishing the samples with the following
order of abrasives. All grits of sandpaper were used for 1 minute each, followed by polishing
with diamond paste for 10 minutes each. No set time was established for the alumina, as these
were done by hand, but they averaged about 5 minutes of polishing time at each grit. After
alumina polishing, samples were cleaned with ethanol in an ultrasonic cleaner, and polished with

a water-free colloidal silica suspension for 2 hours on a vibratory polisher.

e 120 grit SiC paper

e 240 grit SiC paper

e 400 grit SiC paper

e 600 grit SiC paper

e 800 grit SiC paper

e 1200 coarse grit SiC paper
e 1200 fine grit SiC paper

e 6 micron diamond paste

e 3 micron diamond paste

e | micron diamond paste

e | micron colloidal alumina
e (.3 micron colloidal alumina

e (.05 micron colloidal silica (water-free)
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In the experiments performed at BY U, microprinting was completed before EBSD scans,
and images compared to correlate hydrogen-rich regions with microstructure. As soon as
samples were polished, they were charged with hydrogen and microprinted with the methods
outlined below. A very short additional polishing step with 0.1 micron diamond paste was added
after hydrogen charging and just before microprinting to ensure a smooth surface free from any
adsorbed hydrogen. The samples were viewed in the SEM and interesting areas were marked
with a Focused Ion Beam (FIB) to create fiducial marks. The microprints were cleaned off by
soaking the samples in warm distilled water for 5 minutes, followed by 5 more minutes in the
ultrasonic cleaner with soap water. This softened the microprint to the point that it could be
removed gently with soap and a cotton ball. EBSD scans were then taken at the marked

locations, and the images could be correlated.

A.3.2 Hydrogen Charging

Hydrogen charging was performed using an electrochemical method. Table A-1 lists
charging times and solutions used by various experiments on different types of steel. At BYU, a
30V Protek power supply (model 3003L) was used to charge the samples with a current density
of approximately 16.7 mA/cm? in a solution consisting of water, sulfuric acid, and the electrolyte
thiourea. The sulfuric acid was purchased from Avantor Performance Chemicals, and is sold in
concentrations of 95-98% acid (17.84-18.40 M). Pictures of the chemicals used at BYU are
included later, and Table A-2 on the last page of the manual lists the amounts of each chemical
used in the experiment. A corrosion-resistant stainless steel plate was used as the anode, as
shown in Figure A-3. For TRIP steels, a longer charging time was necessary to produce

sufficient concentration of hydrogen in the samples. After 2 hours of charging, the samples were
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lightly polished again for a few seconds with 0.1 micron diamond paste to remove any surface
deposits left behind from hydrogen charging. Samples were allowed to sit for 1-2 hours after
charging to allow the hydrogen to diffuse and accumulate in preferential microstructure locations

that can be detected with the microprinting.

N

Figure A-3: The hydrogen charging set-up. Multiple samples can be charged at a time by
adjusting the current accordingly.

A.3.3 Emulsion Application

The emulsion steps must be executed in a darkroom. Silver bromide is the active
chemical used in black and white photography, and thus is sensitive to light. The AgBr emulsion
used at BYU (Ag-Plus) was solid at room temperature and needed to be heated prior to use. The
emulsion container was placed in warm water (~45°C) until the contents liquefied (see Figure
A-4). The emulsion was prepared by mixing the liquefied AgBr with a solution of water and

sodium nitrite. Concentrations are given in Table A-3.
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Most publications listed Ilford L4 as the silver bromide emulsion used. At BYU, we
found that the Ag-Plus brand emulsion gave comparable results while being orders of magnitude
less expensive. If using the Ilford L4 emulsion, the silver bromide can be added in its solid state,
and the total solution can be gradually heated until liquefied. This method of heating the total
emulsion also works to liquefy either brand of emulsion if it has sat at room temperature too long

and hardened into a gel. The consistency of the emulsion before application to the sample should

be a thick liquid.

A thin film of the liquid emulsion is applied to the surface of the sample using a wire
loop, as shown in Figure A-5. The emulsion can be stirred with the loop until a film forms as the
loop is removed. The loop should be just bigger than the size of the sample. The loop is lowered

slowly over the sample so that an even film is deposited across the entire surface.

Once the emulsion is applied to the sample, the optimal time to let the emulsion develop
is about 20 minutes. Water assists in the reduction of silver particles, so it is a good idea to

control the ambient humidity in the darkroom to approximately 85%.
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Figure A-4: The black bottle of AgBr photographic emulsion is resting in hot water. 10 g of
the liquefied emulsion will be mixed into the container resting on the scale to make the final
film solution.

Figure A-5: The emulsion can be applied to the sample via a wire loop. This picture was
taken after the process was completed; the lights should not be on. The white emulsion is
starting to turn dark after just a few seconds of light exposure.
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A.3.4 Emulsion Fixing

Fixing is a photographic process that removes the unreacted silver bromide. The sample
is dipped in formalin for 3 seconds to harden the film, and then placed into the fixing solution.
This solution contains water, sodium thiosulfate, and sodium nitrite (see pictures and Table A-4).
Fixing takes approximately 4 minutes with frequent, gentle agitation. The emulsion will turn
clear in the fixing solution. The sample should be left in the solution at least twice the time it
took to turn the emulsion clear, but leaving it in longer will not hurt the sample. The lights can be

turned on after the fixing is completed.

Prompt cleaning of the sample after fixing is important to be able to later view the
microprint in the SEM. Upon removal from the fixer, samples must be rinsed with distilled water
so that the fixing chemicals do not crystallize on the sample. The gelatin from the emulsion must
also be washed away with warm distilled water and a little soap, exposing the silver particles
underneath. Placing the sample in an ultrasonic vibratory cleaner filled with warm distilled water
for a few minutes, and then adding soap for another few minutes was found to work best. When
the rinsing is done, the sample is rinsed with methanol and dried with a burst of compressed air

so there is no water left on the steel to cause corrosion.

A.3.5 Microprint Evaluation
Microscopy techniques are required to assess the quality and perform analysis on the
HMT. Optical microscopes can be used to see if microstructural features are visible, but the high

magnification of an electron microscope is needed to resolve individual silver particles.

At low magnifications, it is difficult to tell whether the microprint was successful or not.

Figure A-6 shows a view of a microprint at 2,500 X optical magnification. Figure A-7 shows this
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same sample at a higher magnification on the electron microscope. Figure A-8 and Figure A-9
show two other samples at high enough magnifications so that the individual silver grains are

visible and illustrate the microstructure in the steel substrate.

Figure A-6: This is a microprinted sample of TRIP steel under a light microscope at
approximately 2,500 X magnification. Microstructural features are just visible, as there are
some regions not covered with silver particles.
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Figure A-7: This is the same sample as in Figure 6, but taken in the SEM at 65,000 X
magnification. Silver particles are visible, along with a few ‘flakes’ that can make viewing
the microprint difficult. Proper cleaning of the samples should reduce the amount of flakes.

Figure A-8: This picture is another sample of microprinted TRIP steel at 20,000 X
magnification. This picture shows the fine resolution that can be achieved with
microprinting.
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Figure A-9: This microprinted sample of TRIP steel at 15,000 X magnification shows more
microstructural details, especially grain boundaries where hydrogen diffused out of the
steel.

A.3.6 Summary

HMT is a useful tool for visualizing spatial locations of hydrogen entrapment in
microstructural features. Tiny silver particles can be resolved, highlighting features smaller than
1 micron. The fine resolution comes as a result of the processes and procedures described above.
The following sections summarize this information, and the last page is designed to be a quick
guide in setting up the HMT experiment. Specific applications of these instructions will require
adaptation. These processes were developed using Ag-Plus emulsion on DP-980 and TRIP steel
samples in a size range of approximately 3 x 1 x 0.1 cm. The times for charging, developing, and
fixing may need to be altered to work for a different brand of emulsion, or a different sample

material or size.
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A.4 Scholarly Articles
“Improvement of the Hydrogen Microprint Technique on AHSS Steels.” J. A. Ronevich, J. G.

Speer, G. Krauss, D. K. Matlock. Metallogr. Microstruct. Anal. (2012) Vol. 1. pg 79-84.

“Quantitative evaluation of detection efficiency of the hydrogen microprint technique applied to
steel.” K. Ichitani, S. Kuramoto, M. Kanno. Corrosion Science. (2003) Vol. 45. pg 1227-

1241.

“Visualization of hydrogen diffusion by high sensitivity HMT.” K. Ichitani, and M. Kanno.

Science and Technology of Advanced Materials. (2003) Vol. 4. pg 545-551.

“Application of the Hydrogen Microprint and the Microautoradiography Techniques to a Duplex
Stainless Steel.” H. K. Yalci and D. V. Edmonds. Materials Characterization (1995) Vol.

34. pg 97-104.

“Direct Observation of Hydrogen Evolution in the Electron Microscope Scale.” T. Perez, and J.

Ovejero-Garcia. Scripta Metallurgica (1982) Vol. 16. pg 161-164.

A.5 Hydrogen Charging Table
This table is included to help guide decisions for electrochemical hydrogen charging,

based on parameters listed in other experiments.
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Table A-1: Comparison of Hydrogen Charging Parameters.

Author Steel Charging Charging Time | Solution
Current
Koyama, 2014 | DP 0.2 mA/cm’ 1 hour 0.94 M H>SO4 and 3
g/L NHsSCN
Koyama, 2013 | TWIP 0.9 mA/cm? During tensile 1.11 M NaCl and 3
test with strain g/L NH4sSCN
rate: 1.7e-6/ sec
Perez, 1982 316L 20 mA/em’ 1 hour 0.5 M H2SO4 and 0.25
Stainless g/L As203
Depover, 2014 | DP, TRIP, 2.65 mA/cm® 2 hours 0.5 M H>SOy and 1
FB, HSLA g/L Thiourea
Ryu, 2012 TRIP 0.05-0.5 72 hours 1.11 M NaCl and 3.9
mA/cm? g/L NH4sSCN
Kanezaki, 2008 | Austenitic 2.7 mA/cm’ 672 hours, or H>SO4 (pH of 3.5)
Stainless 336 hours (pre-
strained)
Narita, 1982 304 and 310 | 500-1000 2, At 293-373 K | 0.5 M H2SO4 and
Stainless mA/cm’ NaAsO:
Mohtadi-Bonab, | X60 and 5 mA/em’ 1 hr 0.5 M H,SO4 and 3
2013 X70 pipeline g/L NH,SCN
Yalci, 1995 Duplex 20 mA/em? 0.5-1 hr 0.5 M H,SO4 and 0.25
Stainless g/L As:03
Svoboda, 2014 | Iron, CK60 | 10 mA/cm’ ? 0.1 M NaOH and 0.01

carbon steel

g/L As:03
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A.6 Chemicals Used in HMT

Sulfuric Acid: The hydrogen source for electrochemical hydrogen charging. The sulfuric
acid used in hydrogen charging comes in high concentrations of 95-98% acid, which corresponds
to a molarity of 17.84-18.40.

Thiourea: Thiourea is an electrolyte to help the flow of electricity and act as a hydrogen
recombination poison in the hydrogen charging. The thiourea was cheapest in a large 2.5 kg

bottle of powder.
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Silver Bromide (AgBr): The silver bromide emulsion used in the experiment was Ag-
Plus from Rockland (left). It is solid at room temperature and needs to be liquefied before it can
be added to the emulsion mixture. Make sure to be in a darkroom before opening the AgBr.
Other experiments use [Iford L4 emulsion (right). The Ilford emulsion is a lot more expensive,

and the Ag-Plus gives good results.

G

Grad
ML/ 472 Lite ™

Formalin: Formalin is used to harden the emulsion and make the microprint more

permanent.
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Sodium Nitrite: The sodium nitrite comes in powder form. It helps prevent corrosion, so

it is used in both the silver bromide emulsion, and the fixing solution.

Sodium Thiosulfate: The sodium thiosulfate comes as crystals. The sodium thiosulfate is

the main ingredient in the fixer.

A.7 HMT Summary
This section is intended to be a quick go-to guide for performing HMT. Amounts of each

chemical are listed in the tables, and the order of steps is outlined below.

53



Table A-2: Sulfuric acid charging solution.

Chemical | Distilled Water | Sulfuric Acid (H>SO4) | Thiourea (SC(NH>);)

Amount 250 mL 6.5 mL 0.1g

Table A-3: Silver bromide emulsion.

Chemical | Distilled Water | Sodium Nitrite (NaNO:) | Silver Bromide gel (AgBr)

Amount 20 mL 2g 10g

Table A-4: Fixing solution.

Chemical | Distilled Water | Sodium Nitrite | Sodium Thiosulfate
(NaNO:) (Na>S203)

Amount 20 mL 2g 3g

Charge the samples in the acid solution for 2 hours, using a corrosion-resistant plate as
the anode and a current density of 0.02 A/cm?

. Remove samples from charging bath, rinse with water and methanol, dry with
compressed air

. Allow to sit for desired time

. Very gentle re-polish to clean sample surface about 15 minutes prior to microprinting

. Prepare the darkroom- turn on humidifier to 85%, begin warming the AgBr gel, and
measure the chemicals for the fixing solution and emulsion (except AgBr gel)

. In the darkroom, add the liquefied AgBr gel to the emulsion mixture and stir well

. Apply emulsion to the samples with a wire loop, and allow to develop for 15-20 minutes
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10.

11.

12.

After waiting for the full exposure time, dip the sample in formalin for 3 seconds
Place sample in the fixing solution with gentle agitation for at least 5 minutes, turn on the
lights
Clean the sample
1. Place in ultrasonic cleaner with warm distilled water for approximately 5 minutes
2. Add soap to the distilled water bath, continue ultrasonic cleaning for 5 minutes
more
3. Rinse with methanol and dry with compressed air
Store samples in a vacuum chamber with dessicator to protect against corrosion
To clean off after viewing the microprints, let sample sit in warm distilled water,
followed by 5 minutes in the ultrasonic cleaner with soapy water, finish with a gentle

scrub from a cotton ball.
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APPENDIX B. MATLAB CODE

This appendix includes the Matlab code used in the analysis of the HMT and EBSD

images for this research.

$EBSD Grain Analysis.m

%Quentin Allen

%Upload IPF image, grain file type I and grain file type II to be able to
%$select an individual grain and extract all EBSD data of that grain.
%$Then upload HMT image of same area, click to select the same grain, and
%Sextract silver coverage data.

clear all

close all

clc

format compact

%Names of pictures, crop size limits, and pixel threshold limits saved in
%external file 'FilenameStorage'

run _mode = 0; %0 = Use previously set data, 1 = Select new pictures, crop
%sizes, etc., 2 = just set histogram limit
if run mode == || run mode == $Allows to crop to the same area each time

[filenamel, filename2, filename3, picname, crop X, crop y, limit] =
FilenameStorage () ;
end

%% Open grain file type 1 (in csv format)
if run mode == 1; [filenamel, pathname] = uigetfile('*.csv'); end
C = csvread(filenamel) ;
% phil = C(:,1);
% PHI = C(:,2);
% phi2 = C(:,3);

= C(:,4)

)
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%% Open grain file type 2 (csv)

if run mode == 1; [filename2, pathname2] = uigetfile('*.csv'); end;
M = csvread(filename?2);
AvgGrainID = M(:,1);

% Avgphil = M(:,2);

% AvgPHI = M(:,3);

% Avgphi2 = M( ,4);

% Avgx = M(:,5);

$ Avgy = M(:,06);

$ AvgIQ = M( 7);

$ AvgCI = M(:,8);

$ AvgFit = M(:,9);

% Phase = M(: 0);

% Points = M( 11);

% Area = (.,12),

o\°

Diam = M(:,13);

o

% Load IPF image for reference

if run mode == 1; [picname, pathname3] = uigetfile('*.BMP'); end
IPF = imread(picname) ;

figure('Name', '"IPF- for reference', 'NumberTitle', 'off")

imshow (IPF)

%% Generate grains from file (1 pixel per scan point)
step size = 0.15;

[a, b] = size(x);
sizel = floor (max(x/step size))+1;
size2 = floor (max(y/step size))+1;
grain ID plotting = zeros(sizel,size2,3,'uint8");
RGB = zeros(a,3);
for 1 = 1l:a

RGB(i,1) = floor (rand*255)+1

RGB(i,2) = floor (rand*255)+1
RGB (i, 3) floor (rand*255)+1;

end

for 1 = 1l:a
x_index = uint32 (floor(x(i)/step size)+1l);
y_index = uint32 (floor(y(i)/step size)+1);
if GrainID(i)==

GrainID(i) = 1;
end
grain_ ID plotting(x index,y index,l) = RGB(GrainID(i),1);
grain_ ID plotting(x_index,y index,2) = RGB(GrainID(i),2);
grain ID plotting(x index,y index,3) = RGB(GrainID(i),3);
end
grain ID plot tran = zeros(size2,sizel, 3, 'uint8');
grain_ ID plot tran(:,:,1) = grain ID plotting(:,:,1)"';
grain_ ID plot tran(:,:,2) = grain ID plotting(:,:,2)"';

grain ID plot tran(:,:,3) grain ID plotting(:,:,3)"';

%% User pick grain of interest

figure('Name', 'Click on grain of interest', 'NumberTitle', 'off')
imshow (grain ID plot tran, [0 255])

[pic_x, pic_yl = ginput(l);

dist x = pic x * step size;
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dist y = pic y * step size;

desired grain from grain files

=l
=
Heo~ @
[
Vv
I
Q.
-
)]
‘("'
=

f x(i)>=dist x
row = 1i;
break

end
end
end
GID = GrainID (row)

%% Display grain average data
[c, d] = size(M);
row2 = 0;
for j=l:c
if AvgGrainID (j)==GID
row2 = j;
break
end
end
Euler angles = [M(row2,2),M(row2,3),M(row2,4)]

X pos = M(row2,5)

Y pos = M(row2, 6)

Grain IQ = M(row2,7)
Grain CI = M(row2,8)
Grain Fit = M(row2,9)
Phase Num = M(row2,10)
Grain Points = M(row2,11)
Grain Area = M(row2,12)
Grain Diam = M(row2,13)

%% Create mask for IPF map isolating grain
IPF BW = rgb2gray (IPF);
IPF dub = double (IPF BW);
mask = zeros(sizel, size2);
count = 0;
for k=l:size?2
for l=l:sizel
count = count + 1;
if GrainID(count)==GID
mask (1l,k) = 1;
end
end

end
new mask = uint8 (mask)';
grain mask = uint8(zeros(size(grain ID plot tran)));
grain mask(:,:,1) = grain ID plot tran(:,:,1).*new mask;
grain mask(:,:,2) grain_ ID plot tran(:,:,2).*new _mask;
grain mask(:,:,3) = grain ID plot tran(:,:,3).*new mask;
[g, h] = size(IPF _BW);
new mask pic = imresize (new mask, [g,h]);
IPF mask = uint8(zeros (size (IPF)));
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IPF mask(:,:,1) IPF(:,:,1).*new mask pic;

IPF mask(:,:,2) = IPF(:,:,2).*new _mask pic;

IPF mask(:,:,3) IPF(:,:,3).*new _mask pic;

figure ('Name', 'Grain of Interest- IPF', 'NumberTitle',6 'off')
imshow (IPF mask)

4

%% Input BSE microprint image, crop to size, move mask over
if run mode == 1;
[filename3, pathname3] = uigetfile('*.TIF");
microprint = imread(filename3);
figure('Name', 'Click corners to define cropping
area', 'NumberTitle', 'off")
imshow (microprint)
[crop x, crop_yl] = ginput(2);
else
microprint = imread(filename3);
end
wid = abs(crop x(2) - crop x(1));
height = abs(crop y(2) - crop y(1));
[micro_size] = imcrop (microprint, [min(crop_ x) min(crop_y) wid height]);

%% Create your own mask, by clicking to define the outline of the grain
figure ('Name', 'Add Points to Draw Region of Interest', 'NumberTitle',6 'off')
imshow (micro_size)

HMT mask = roipoly(micro size);

HMT mask = uint8 (HMT mask) ;

HMT grain = micro_size .* HMT mask;

figure ('Name', '"HMT Grain', 'NumberTitle', 'off'")

imshow (HMT grain)

%% Sum the pixel intensities from the BSE grain
num pixels = sum(sum(HMT mask));

pix val = sum(sum(HMT grain));

avg_pix val = pix val/num pixels

%% Show histogram of pixel values
if run mode==2||run_mode==
figure ('Name', 'Pixel Values of whole microprint picture', 'NumberTitle','off'")

edges (1:1:255);
hist = histogram(micro size, edges);
pause

limit = inputdlg('Pixel Value Threshold?");

limit = cell2mat (limit);
limit = str2double(limit) ;
end

%% Compute the area fraction covered by silver in the grain
sil count = 0;

stl count = 0;
mask count = 0;
[lim x, lim y] = size (HMT mask);
stl pic = zeros(size (HMT mask));
sil pic = zeros(size (HMT mask));

[o)

% limit = 156;
for i=1:1im x
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for j=1:1im y
if HMT grain(i,j)==0

elseif HMT grain(i,Jj)>limit
sil count = sil count + 1;
mask count = mask count + 1;
sil pic(i,j) = HMT grain(i,j);
elseif HMT grain(i,j)<=limit
stl count = stl count + 1;
mask count = mask count + 1;
stl pic(i,j) = HMT grain(i,j);
end
end
end
silver pixel area ratio = sil count/mask _count
figure ('Name', 'Steel Substrate', 'NumberTitle', 'off'")
imshow (uint8 (stl pic))
figure('Name', 'Silver Particles', "'NumberTitle', 'off')
imshow (uint8 (sil pic))
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