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ABSTRACT 

Federal mandates promote the use of automotive steels with higher yield and tensile strengths, which in turn necessitate a 
microstructure that contains a high volume fraction of martensite. Increasing the strength of martensite through carbon 
addition may lead to issues such as delayed fracture and limited spot weldability. Alternative ways to strengthen martensite 
are therefore of great importance. 
The effect of Si content on the mechanical properties and microstructure of as-quenched and tempered low carbon martensite 
is investigated. Microstructural changes in as-quenched martensite containing 0~2.5% Si were studied utilizing optical 
microscopy, TEM, and atom probe tomography. When the mechanical properties of the as-quenched steels were normalized 
for variations in prior austenite grain size and carbon content, martensite strength linearly increased with Si content. It was 
found that Si decreases tempering kinetics and retards the softening of the steel. The mechanisms that explain the 
experimental observations will be discussed.   

INTRODUCTION 

The growing safety and fuel consumption requirements result in dramatic increases in advanced high strength steels 
applications with complicated automotive part geometries, which leads to additional pressure to increase the strength of steels 
without sacrificing formability1, 2. Dual phase, complex phase, quenched and partitioned, and other ultra-high strength steels 
contain significant volume fractions of martensite in combination with other phases to reach the desired range of properties of 
third generation advanced high strength steel3-7. The chemistries of these steels often utilize levels of silicon (Si) higher than 
in the previous high strength sheet steels. Understanding the effect of Si on the martensites present in these microstructures 
will help to guide future developments of advanced high strength steels. 
 
As-quenched (AQ) martensite strength is often expressed as a summation of different strengthening mechanisms: 

 
ெߪ ൌ ி௘ߪ ൅ ஽஽ߪ ൅ ௅௔௧௛ߪ ൅ ௌௌ,஼ߪ ൅ ௉஺ீௌߪ ൅  ௌௌ,ௌ௨௕ (1)ߪ
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where the individual strengthening components are: the intrinsic strength of iron (ߪி௘), dislocation density strengthening 
 prior austenite grain size ,(ௌௌ,஼ߪ) interstitial solid solution strengthening from carbon ,(௅௔௧௛ߪ) lath width strengthening ,(஽஽ߪ)
strengthening (ߪ௉஺ீௌ), and solid solution strengthening from substitutional alloying elements (ߪௌௌ,ௌ௨௕). This equation is used 
as a basic approach to reveal the effect of variations of specific parameters on strength of martensitic steels8, 9.  Therefore, the 
first goal for current investigation was to quantify the solid solution strengthening contribution of Si in as quenched 
martensite.  
Unlike the literature on the effects of Si in AQ martensite, there has been significant works on the effect of Si in quenched 
and tempered (Q&T) steels, starting with Allten and Payson, who first observed the retarding effect of Si on temper softening 
of steels10. Owen’s work observed that, for a given time, Si additions increase the temperature at which second stage of 
tempering, decomposition of retained austenite to cementite, and third stage, decomposition of transition carbides to 
cementite, occurred11. It was suggested that the onset of the third stage of tempering was no longer controlled by the diffusion 
of carbon (C) to cementite. This change in tempering behavior was considered to contribute to the low equilibrium solubility 
of Si in cementite. More recent work on cementite precipitation has suggested that Si strongly retards the growth of cementite 
even at an early stage when cementite growth occurs without Si partitioning12-14. Studies which have examined these 
microstructural changes and the impact on mechanical behavior have primarily been focused on steels with high C contents 
or steels treated for longer tempering times10,11,15-18. Therefore, the second goal of the study is to investigate effects of Si on 
early microstructural evolution and mechanical properties in short time tempered low C martensites.  

METHODS AND MATERIALS 

The chemical composition of laboratory heats is listed in Table I. Ingots were hot and cold rolled to a nominal thickness of 
1.5 mm. Two tensile specimens were machined transverse to the rolling direction with gage length of 50 mm and width of 
12.5 mm. Due to differences in AC3 temperatures by variations in Si contents, tensile samples were fully austenitized at either 
875 or 1000 ºC for Si contents of 0.0-1.0 wt.% and 1.5-2.5 wt.%, respectively, and then water quenched. Tempering was 
performed on additional samples at tempering temperatures of 100 , 250, 300, 350, and 420 ºC for 150 s.  
Prior austenite grain boundaries were revealed for all alloys using a saturated picric acid etch in water and light optical 
microscopy (LOM). Grain sizes were determined using ASTM standard E112-1019. Advanced characterization of selected 
0.0Si and 2.5Si alloys has been performed by X-ray diffraction (XRD) and Transmission Electron Microscope (TEM) using a  
JEOL JEM-2100. Thin foil samples for TEM were mechanically polished and electro-chemically etched using 8 % HClO4 + 
92 % acetic acid solution. Martensite lath widths were measured using a linear intercept method on TEM micrographs. 
Differences in C distributions between 0Si and 2.5Si steels were analyzed using atom probe tomography (APT) on a Cameca 
LEAP™ 4000x Si. Atom probe needle specimens were prepared by electropolishing 300 µm by 300 µm by 1 cm blanks to a 
tip radius of less than 1 µm in a solution of 5 % perchloric acid in acetic acid. Specimens were then milled using a dual beam 
field emission scanning electron microscope/focused ion beam (FEI Helios Nanolab 600i) to obtain a suitable tip radius of 
less than 50 nm for analysis. Further analysis parameters for APT are a pulse fraction of 15%, pulse frequency of 200 kHz, an 
evaporation percentage of 0.5 %, and a sample temperature of 50 K.  Chamber pressure was ~5×10-11 torr. 

Table I – Steel Alloy Contents (wt. %) 
wt.% C Mn Si Nb Mo Al P S N 

0.0Si 0.147 1.77 0.01 0.019 0.15 0.037 0.008 0.005 0.0055 

0.5Si 0.143 1.75 0.50 0.019 0.15 0.050 0.009 0.005 0.0055 

1.0Si 0.150 1.77 0.98 0.019 0.15 0.049 0.009 0.004 0.0055 

1.5Si 0.151 1.80 1.55 0.017 0.15 0.071 0.008 0.005 0.0050 

2.0Si 0.154 1.86 2.02 0.018 0.16 0.067 0.009 0.005 0.0053 

2.5Si 0.155 1.86 2.50 0.018 0.16 0.075 0.008 0.005 0.0053 
 

RESULTS 

Mechanical Properties 
The tensile properties of as quenched low C martensite are presented in Figure 1.  Tensile strength (TS) and yield strength 
(YS) range from 1520 to 1660 MPa, and 1155 to 1260 MPa, respectively.  While uniform elongation does not change with 
increasing Si content, total elongation (TE) increases significantly when Si content is higher than 1.5 wt. %, in spite of higher 
strength of steel. 
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Figure 1. Effect of Si addition on (a) Tensile Strength (TS) and Yield Strength (YE), and (b) Uniform Elongation (UE) and 
Total Elongation (TE) in AQ martensite. 
 

The TS and YS for the Q&T conditions are presented in Figure 2. The decrease in TS with increasing temper temperature is 
reduced as the Si content is increased. The YS of the low Si alloys show a similar trend as observed by Nam and Choi in 
0.6 wt. % C steel where peaks in YS occur at temperatures near 300 °C15. In samples with Si contents greater than the 1.5Si 
alloy, increases in Si leads only to a gradual increase in YS with increasing temper temperature.  
 

(a) (b) 
Figure 2. Effect of tempering temperatures (150 s) and Si addition on (a) Tensile Strength (TS) and (b) Yield Strength 
(YS). The tempering temperature of 0 ºC represents the AQ martensite condition.  

The TE for the tempered martensite is shown in Figure 3. The 0.0Si steel shows an increase in TE that peaks at ~7 % at about 
200 to 250 °C. In contrast, the TE of the 2.5Si alloy at temperatures above 200 °C ranges from 8 to 10 %. Increases in Si 
content are thus shown to improve the balance of strength and ductility in the tempered martensite. 
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Figure 3. Effect of tempering temperatures (150 s) and Si addition on total elongation in tempered martensite with various 
Si contents. 

Microstructural Characterization 
Prior Austenite Grain Size (PAGS) was considered as one of the important strengthening mechanisms of Equation 1 for 
martensitic steels. Therefore, PAGS was measured in order to isolate the effect of Si addition on AQ martensite strength. The 
prior austenite grain structure is presented in Figure 4. Results of PAGS measurements are shown in Figure 5. The three low 
Si alloys have relatively smaller PAGS than in high Si alloys since two different annealing temperatures (875 vs. 1000 °C) 
were applied to achieve full austenitization due to the variations in Si contents.  

 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 4. Light optical micrographs showing prior austenite grains: (a) 0.0Si, (b) 0.5Si, (c) 1.0Si, (d) 1.5Si, (e) 2.0Si, and 
(f) 2.5Si.  

  

0

2

4

6

8

10

0 100 200 300 400 500
T

ot
al

 E
lo

ng
at

io
n,

 %

Temper Temperature, ºC

286 Intl. Symp. on New Developments in Advanced High-Strength Sheet Steels



 
Figure 5. Prior Austenite Grain Size plotted as a function of Si contents. The upper and lower bounds represent 95 % 
confidence indexes.  

 
Another strengthening factor in martensite is the thickness of lath. The finer lath structure increases the strength of martensite. 
To determine if differences in Si content might lead to differences in martensite lath structure and strength, bright field TEM 
observation was performed to examine 0.0Si and 2.5Si AQ specimens as shown in Figure 6 (a) and (d). The average lath 
widths were measured as 0.27 ±0.1 µm and 0.28 ±0.09 µm for the 0.0Si and 2.5Si alloy, respectively (based on ~350 laths). 
There is no statistical difference in lath thickness between the two alloys.  It should be noted that there no carbides were 
observed in the AQ martensite of the 0Si and 2.5Si alloys.  

 
AQ 250 °C 420 °C 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 6. Bright Field TEM micrographs of martensite laths for the 0.0Si (a-c), and 2.5Si (d-f) that were as-quenched (a, 
d), tempered at 250 ºC (b, e), and tempered at 420 ºC (c, f). 

 
The tempered microstructures of the 0.0Si and 2.5Si steels were also characterized with TEM for the 250 °C and 420 °C 
tempering temperatures as shown in Figure 6. The 250 °C and 420 °C temperatures were chosen because of the high YS in 
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the low Si conditions and the most tempered microstructure of the study were obtained, respectively. Upon tempering of the 
0.0Si steel, elongated tempering carbides are observed in both tempering temperatures as shown in Figure 6 (b). As 
tempering temperature increased, the size and amount of these carbides increased, Figure 6(c). In contrast, temper carbides 
were only observed at the tempering temperature of 420 ºC for the 2.5Si alloy, which is not elongated one like 0Si alloy, 
Figure 6(f).  
To determine if Si had any effect on C distribution/clustering in AQ martensite, APT was performed on specimens from the 
0.0Si and 2.5Si alloys. Carbon atom maps for two needles are shown in Figure 7. The average C concentration plotted in 
Figure 8 is related to the distance either inside or outside of the C iso-concentration surface. However, there is no significant 
difference in the C gradients around regions of higher carbon content. Comparison of Figure 7 (a) and (b) confirms that Si 
additions do not result in any significant changes of C distributions in AQ martensite. Additionally, in Figure 7 it is 
demonstrated that even away from the C clusters, the matrix C concentration does not change with differences in Si contents. 

 

(a) (b) 

(c) (d) 
Figure 7. APT C atom map (a, b) and 3 at.% C Iso-concentration Surface (c, d) for 0.0Si (a, c) and 2.5Si (b, d) in the AQ 
martensite. 
 

 

(a) (b) 
Figure 8. Proximity histogram: (a) C concentrations as a function of distance from the iso-concentration surface20, 21. 
Frequency of regions with given C Concentration (b) for the 0.0Si and 2.5Si tips.  
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DISCUSSION 

As-Quenched Martensite Strength 
In order to understand the effect Si has on strength, all differences in strengthening contributions between the 0.0Si alloy and 
the desired Si level must be quantified as shown in Equation 2. 
 

ெߪ߲ ൌ ி௘ߪ߲ ൅ ௌௌ,ௌ௨௕ߪ߲ ൅ ஽஽ߪ߲ ൅ ௅௔௧௛ߪ߲ ൅ ௌௌ,஼ߪ߲ ൅  ௉஺ீௌ (2)ߪ߲

For the following discussion, the effect of Si is considered as the difference in strength between the predicted value from 
Equation 2 and the actual strength. The differences in strengthening contributions from ߪி௘ and ߪௌௌ,ௌ௨௕ are assumed to be 
constant between the alloys since the difference in substitutional composition is minuet. The next strengthening contribution 
considered, dislocation density, is dependent on quench rate, C content, and martensite start temperature22, 23. It is assumed 
that ߲ߪ஽஽ is zero since these factors were kept as uniform as possible. Examination of the microstructure of the 0.0Si and 
2.5Si showed that even between the alloys with the largest difference in Si content, there was no difference in lath size, which 
leads to ߲ߪ௅௔௧௛ value equal to zero. This allows equation 2 to be reduced to: 
 

ெߪ߲ ൌ ௌௌ,௖ߪ߲ ൅  ௉஺ீௌ (3)ߪ߲

so that differences in martensite strength are dependent on differences in C content and PAGS in compared samples. The YS 
of low C martensite was experimentally determined by Winchell and Cohen to be:  
 

ሺMPaሻ	ௌௌ,஼ߪ ൌ ሺ1171 ሻ ൈ ሺܥሻଵ/ଷ (4) 

where ߪௌௌ,஼ is in MPa and ܥ is the C content of the martensite24. For simplicity, this is taken as the bulk C content. There is 
no known quantitative definition of the value of the final strengthening contribution by PAGS, ߪ௉஺ீௌ, for low C martensitic 
steels. However, the relationship of YS of martensite as a function of packet size (PS) has been developed by Swarr and 
Krauss as25, 26: 
 

σ Mart., PS	ሺMPaሻ = 2209*(PS)1/2 MPa (5) 

In turn, there is very strong relationship of PS and PAGS as demonstrated in Figure 9. Therefore, PAGS can be related to YS 
by (6: 
 

Substituting equations 4 and 6  into 3 and integrating from the 0.0Si to the any of the other alloy, x.xSi, it is possible to come 
to the functional form: 
 

ሺMPaሻ	ேெߪ ൌ ሺ1171	ሻ ൈ ሺሺܥ௫.௫ௌ௜ሻ
ଵ
ଷ െ ሺܥ଴.଴ௌ௜ሻ

ଵ
ଷሻ ൅ 2209 ൈ ሺሺ2.6 ൈ ୶.୶ୗ୧ܵܩܣܲ െ 0.82ሻଵ/ଶ

െ ሺ2.6 ൈ ଴.଴ୗ୧ܵܩܣܲ െ 0.82ሻଵ/ଶሻ 

 
(7) 

Equation 7 includes all possible strengthening mechanisms in investigated AQ martensite, excluding the strengthening 
contribution from Si additions. The actual YS and normalized value σNM are plotted in Figure 10 (a). The values for the 0.0Si 
condition are exactly the same since the strength is normalized to the 0.0Si strengthening conditions. As the Si content is 
increased, the strength of the ߪேெ decreases by increasing amounts. The difference between the actual YS and ߪேெ YS gives 
a quantitative evaluation of strengthening martensite by Si additions plotted in Figure 10 (b) as a function of Si content. The 
values of TS are plotted using the experimental average of the yield to tensile ratio of 0.775. It provides strengthening rate of 
104 and 170 MPa/wt. % Si for YS and TS, respectively. This Si strengthening rate in martensite is quite similar to Si solid 
solution hardening in ferrite27, 28.  
There appears to be no difference in matrix strengthening due to C, that has not been accounted for by σNM, between the 0Si 
and 2.5Si since there are no differences in C clustering and both alloys lack carbides in AQ martensite. The difference in Si 
does not generate microstructural difference in lath size and the difference in PAGS is incorporated into the model. Therefore, 
only possible mechanism of Si hardening in as quenched martensite is lattice distortion like Si solid solution hardening in 
ferrite since low carbon martensite has very similar crystal structure. Therefore, Si addition is a very effective way to increase 
strength in low C AQ martensite. In addition, an improvement in ductility is observed with Si addition as shown in Figure 1. 
A mechanistic understanding of ductility improvement requires further study. 
 

ሺMPaሻ	௉஺ீௌߪ ൌ 2209 ൈ ሺ2.6 ൈ ܵܩܣܲ െ 0.82ሻଵ/ଶ (6) 
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Figure 9. Relationship between martensite prior austenite grain size (PAGS) and packet size (PS) from literature26, 29-31.  

(a) (b) 
Figure 10. The YS plotted as a function of nominal Si content for the actual tensile properties and the normalized tensile 
properties (a). Difference between the actual and normalized YS and converted TS plotted as a function of nominal Si 
content (b).  

Quenched and Tempered Martensite 
The addition of Si in low C martensite retards temper softening. Similar tempering behavior, in regards to TS, has been 
observed in martensite with higher C contents [10, 11, 15, 17, 18]. The TS is plotted as a function of Si content in Figure 11 
(a) for the AQ samples and samples tempered at temperatures of 250 and 420 ºC.  Figure 11 (a)shows that the degree of 
temper softening is reduced at Si content increases. There is a relatively uniform decrease of approximately 100 MPa from 
the AQ strength when the martensite is tempered at 250 ºC for all Si contents. When the tempering temperature is increased, 
significant softening occurs at lower Si contents. In the 0.0Si tempered martensite, elongated temper carbides are observed at 
the 250 ºC and 420 ºC temperatures (Figure 6). The size and amount are significantly increased at higher temperature. The 
large decrease in TS from the increased temper temperatures for the 0.0Si, as shown in Figure 11 (a), is likely the result of 
carbide coarsening which results in a lower C level in the martensite. The coarsening of carbides results in decreased carbide 
precipitation strengthening as well. At the higher Si level where tempering carbides are not formed (Figure 6), no significant 
decrease in TS is observed within investigated tempering temperatures and times. The effect of Si on property improvement 
of tempered martensite is not only limited to strength behavior. Figure 11 (b) demonstrates the effect of Si additions on the 
strength and ductility balance. As the tempering temperatures increases, low Si contents show significant reductions in 
strength and elongation when compared to the higher Si compositions.    
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(a) (b) 

Figure 11 – TS as a function of nominal Si content (a) is plotted for the Q&T martensite. The strength and ductility balance 
(b) for two tempering temperatures for the Si contents indicated. 

CONCLUSIONS 
 
1. A method was developed to distinguish strengthening contribution of specific factors through quantification of different 

strengthening mechanisms in low carbon as-quenched martensite.  
2. The differences due to silicon additions in low carbon martensite influence not only the strength of the as-quenched 

martensite, but also the tempering response.  
3. Atom probe tomography indicates that the presence of silicon does not have a significant influence on the formation of 

carbide and carbon clustering in as-quenched martensite. 
4. In low carbon as-quenched martensite, after normalizing for additional strengthening mechanisms, silicon additions are 

shown to increase both yield and tensile strength. This strength increase is similar to the solid solution strengthening of 
silicon in ferrite (104 and 170  MPa/wt. % Si for yield and tensile strength, respectively).  

5. With respect to tempering behavior, silicon additions decrease temper softening and reduce decreases in total elongation 
with tempering.  

6. Increase in silicon improves the balance of tensile strength and total elongation of both as-quenched and quenched and 
tempered martensite.  
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